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SUMMARY

This report presents the metﬁodology used to predict fdll-séale Space Shuttle
_Solid-Rocket Booster (SRB) water.impact loads frém scale model test data.
Tests conducted included 12.5 inch and 120 inch diameter modelé of the SRB.
Geometry and mass charaéteristics of the mddels were varied in. each test series
to reflect the currenf‘SRB baseline donfiguratioﬁ. Nose first and tail first
water entry modes were investigated with full-scale initial'iﬁpéct vertical
velocities of 40 to 120 ft/sec, ﬁorizontal velocities of 0 to 60 ft/sec., and
off-vertical angles of 0 to ijo degrees. The test program included a series of

tests with scaled atmospheric pressure.

Scaling relationships were established anﬁlytically and later verified by test.
- Full-scale equivalent loads were subsequently eétimated by applying these scaling
relationships to.the model test data for the currént SRB baseline configuration.
Load distributions on the cylindrical body,'aft bulkhead, nozzle and skirt were
predicted for the significant dynamic events of initial impact, cavity collapse,

maximum penetration, rebound and slapdown.

Loads developed during water impact were found to have a significant influenCe
on the structural design of the SRB. Initial impaét‘lﬁéds are critical to

the design of the nozzle, aft skirt, aft bulkhead, lower cylipdrical body

and auxiliary components mounted in the nozzle-skirt annulus region. Loads
developed during cavity collapse also define design requirements for the aft
skirt and lower cylindrical body. Hy&rostatic loads developed during maximum

penetration are significant to the design of the lower cylindrical bedy,



while slapdown loads influence the design of ﬁpper cylindrical body and

forward skirt.

This study was ﬁonducted in support of the NASA/MSFC Booster Recovery Program

under NASA/MSFC Contract NAS8-28988.
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SECTION 1.0

INTRODUCTION

The initial stage of the Space Shuttle launch configuration willlconsist‘qf
two parallel-burn solid rocket boosters (SRB). After burn-out, the boosters
lwill separate and return to earth forla sea landing. They will then be re-
covered at sea and subsequently refurbished for use again in later flights.
Although a parachute recovery system will be used for deceleration prior to
impact, the SRB will land with considerable verticeal velocity. In addition,
surface winds may superimpose appreciable drift velocities. Therefore, the
SRB will experience relatively high acceleration and pressure loads at the
time of impact and must be designed to withstand these loads in addition to

the normal operating loads imposed during the propulsive boost ascent and

stage separation phases.

In order to assess the magnitude and nature of these water impact'loadé and to
study the general feasibility of water recovery, a test program was

initiated using scale models of the SRB. Initial ;ests were conducted with

a 12.5 inch—diameter.model, geometrically similar to thé‘original SRB design,
which was a 156-inch diameter SRB. The objectives of these tests were to
evaluate entry modes, flotation attitudes, penetration characteristics, fun-
damental fluid dynamic characteristics, and to obtain preliminary design
loads. = Additional tests werelperformed with a 120 inch-diameter Titan ITIC
SRB for thelpurpose of verifying scaling relationships previously determined
analytically. Results of these tests are described in References 4 to 8.
More recent tests wére designed to study the SRB 4-11—73 and 11-1-74 baseline
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configuration. 1In these programs, 12.5 inch-diameter models were used
te evaluate configuration effects and to assess the effects of wind

drift (horizontal velocity).

The data base accumulated during the scale model test programs has been
used to predict full scale water impact loads and assess the impact of
configuration changes as the SRB evolved from the original design to
the current 5/1/75 configuration. These loads for the various SRB con-
figurations have been published in References 1 to 3 and 30 to 33.
These loads have served as a basis for trade studies related to SRB
structural design and selection of the required recovery system. The

methodology used in the data reduction and subsequent analysis is pre-

sented here.



SECTION 2.0

TEST MODELS AND INSTRUMENTATION

The configurations #sed in these:testslﬁere of qu basic designs, a modified
Titan III-C SRB and the 4-11-73 baseline SRB configuration. The modified
Titan III-C SRB'design; 156 in. in diame;er, reflects initial thinking Qn
the Space Shuttle desién concept which called for a booster ﬁith fixed,
canted nozzle, shielded by a straight skirt as illustfated in Figure 2-1.
Two instrumented models, onevof 12.5 inch-diameter and the other of 120
inch-diaﬁeter, Qefe fabricated and tested.“Pertineﬂt'dimensions and mass

characteristics of the prototype and test models are given in Table I.

The 4-11-73 baseline configuration feflects a later design decision to in-
corporate a gimballed nozgle for boostéi thrust coﬁtrol. ‘The deéign, shown
in Figure 2~2, features a nozzle whosé neutral position is in.line with the
“vehicle axis and which is shielded by a flaréd.skirtf;o permit gimbaiiing.
Several variations of this configuration were tested withva 12.5 in. diameter
model. The originél configuration incorquated a full-length nozzle ("loﬁg
nozzle', ”w;th nozzle extensioh“). Early testing indicated that water impact
loads on the nozzle we?e quite sevefe. - In orderlto provide for relief‘of
these loads if later deemed necessary, the design éétion of jettisoning the
nozzle extension prior to water impact was incorporated into the program.
Therefore, a model configuration with shortened nozzle (''short nozzle",
"without nozzle extension') was also tested to simulate the caselin which the
nozzle extension is jettisoned. The basic médel was fitted with a conical

aft bulkhead. It was later modified to incorporate a spherical aft bulkhead
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and was furthér modified to incorporate a baffle in the nozzle-skirt annulus
region to protect the aft bulkhead ﬁrom the severe pressure loads of initial
impact as experienced earlier‘in tests wifh'the short nozzle configuration.
Pertinent dimensions and mass characteristics of the 4-11-73 configuration and

models used in the different tests (discussed in the following section) are

given in Table II.

The models were designed with sufficient strength to behave under load effec-
tively as rigid bodies. Total weight, center of gravity and pitch moment of
inertia were scaled as well as possible within the‘many constraints of design
and instruméntation requi:ements; As can be seen in the tables, the models
were overweight by no more than 15%, the center of gravity was within 6% (of
model length) of the.design location, and pitch moment of inertia was within
110% of the design value. No attempt was made tb scale ﬁa;s distriﬁution or
elastic properties of the full-scale vehicle since the structural design was
still in its embryonic stages at the time and subject to certain change.
Moreover, such scaling would have imposed serious iimitations and restric-
tions on the amount and location of instrumentation installed on the model.
The basic model, used for the primary testé (MSFC Testho. P-015) of the 4-11-73

configuration is shown in figure 2-4.,

The models were instrumented with approximately 50.tpansducers to measure
pressures, accelerations and strains.  Transducers were strategically located
to give maximum, or otherwise significant, measurements on the cylinder, aft
skirt, nozzle and bulkhead. Three sets of axial, pitch and yaw accelerometers
were located near the nose, center of gravity and tail to aid in determining
total vehicle loads. Pressure transducer and accelerometer locations for the
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basic 4-11-73 configuration model are shoﬁn in figﬁres'2—5:and‘2-6. " Strain
gages were distributed so as to determine lécal stresses‘over the vehicle

and shear, bending moment and axial fofce at one stat%on. Pressure trans-
ducers were located so as to.aid in determining the?loads on individua; com~
ponents and to help in assessing the fluid dynamicé inyblved in the water
impéct.' Slight vafiations‘in the type, number and location of transducers
were made to meet the data fequirements defined by‘individﬁal te;t objec—
tivesﬁ In all cases, an epoxy potting compound and silicone grease were‘
used to waterproof thé instruments, and RTV was added to protect the trans-
ducers from thermal shock at water entry. Neverthelesé, strain gages bonded
to the wvehicle skin ﬁere quite susqeptible to damage during test, andqvery
little data was obtained from them. Due tolthe shortcomings in strain data
no attempt was made at‘stress analysis in the present study. ‘Héwever, such
analyses have been made, uéing data from the 120 inch-diameter model! and

are reported separately in References 13 and 14. Accelerometers and preséuré
transducers were bench-calibrated in the MSFC Metrology Laboratory.brior to
installation in the méaél, and ca1ibration fesistances were determined for
purposes of electrical simﬁlation 65 thefcalibration signal later during

testing.

S8ignal conditioning equipment was packaged in a sealed instrumentaticn canis-
ter mounted inside the models near its center of gravity. Thé canister con-
tained approximately 60 Wheatstone bridge balance circuits and'threé 21-chan-
nel constant bandwidtb multiplexers. . Each multiplex system had é 96 ke ceﬁter
frequency and 10 channels on 8 ke spacing each side of center frequency. All

channels had a 12 ke bandwidth.
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The models were painted with longitudinal stripes along the 90° meridians
and circumferentially at three axial locations to aid in the analysis of

high speed photographic data.

2-4



156 Inch-Diameter SRB Configuration
Confipuration Design V Scale Models - As Built
Full-Scale | 120 in-Diam. 12.5 in-Diam. | C-145 Test Series| C-143 Test Series ~° NoL
Prototype | Scale Model | Scale Model Configuration Configutration 12.5 in. Model
Length, in. 1351 1040 108.4 1056.7 108.4 108.1
- (1151.7\
1151.7)
| . }
Body Diam., In. 156 120 12.5 121.1 12.5 12.5
: ‘ (121.1)
121.1
Nozzle Exit Diameter, - 163.8 126.1 13.1 77.5 13.1 13.1
In. (126;1)
126.1
Nozzle Throat Dia- 54.6 42.1 4. 37 46 4,37 4.37
meter, In. (46 )
46 /-
Nozzle Expansion 9.0 9.0 9.0 2.8 9.0 9.0
Ratio (Area) : ‘ (7.5)
7.5/
‘Weight, Lbs. 190,000 87100 97.7 84500 - 101.0 97.8
- 87700) o :
(88500
€.G., in. aft of 618 476 49.4 485.6 55.32 52.75
Fwd Cylinder End 505.4) S '
509.9
Pitch Moment of Iner- 7.22x106 1.95x106 3.6 1.8x100 20.4 23.61
tia., Slug-Ft.?2 2X106 )
. 2x106

NOTES: (1) Values quoted are for water impact configuration (without nose cone, frustum, or recovery system).

(2) values in ( ) are for the configuration with standard and reinforced nozzle extension; i.e.,

(standard nozzle extension)
(reinforced nozzle extension)

TABLE 2-1, Characteristics bf.the 156 inch-Diameter Configuration - Prototype and Models



4-11-73 Baseline Configpration

Configuration Design

(o Y

12.5 in-Diam. Scale Models - As Built
P-015 Test Series P-022 Test Series P-029 Test Series
Full-Scale 12.5 in-Diam. Configuration Configuration Configuration
Prototype Scale Model
(Conical Bulkhead) (Spherical Bulkhead) Spherical Bulkhead
Short Nozzle
‘ with Baffle
y h N 1553 (D 136.7 136.9 138.8 3
ength, in. Cson) D] 2.1 (132.3) (3 (132.3) 3 (132.3)
Bodv DI . 142 12.5 12.5 12.5
ady Diam.,. in- (142) (12.5) (12.5) (12.5) (12.5)
Nozzle Exit 142 12,5 12.5 12.5
Diameter, in. (105) ( 9.25) ( 9.25) ( 7-4) ( 7.4)
Nozzle Throat 53.4 4.7 4.7 4.7
Diameter, in. (53.4) (4.7) 4.7y (4.7) (4.7)
Nozzle Expansion 7.1 7.1 7.1 7.1 _
x> Ratio (Area) (4.6) (4.6) (4.6) (2.5) (2.5)
1 -
) . 146,365 (4) 99.8 116.7 115.6
Weight, 1bs. (143,165) (97.7) (114.4) (113.0) 111.0
C.G., in. Aft of 864. 3 76.1 74.3 73.2
Fwd. Cylinder End (850.1) (74.8) (73.5) (71.8) (70.6)
Pitch Moment of 7.118x10% (%) 37.6 34.0 39.7 ‘
Tnertia, Slug-ft.?2 6.832x106 36.0 31.5 (39.0) (38.5) -

NOTES: (1)
(2)
(3)
(4)
TABLE 2-2.

Values quoted are for water impact configuration (without nose cone, frustum, eor rebovery

system.

Values in ( ) are for nozzle extension remo

Includes forward bulkhead lip.
Total mass and mass distribution taken from Ref. 15 for water impact confipguration.

ved; 1.e., Y“short nozzle'.

Characteristics of the SRB 4-11-73 Baseline Configuration - Prototype and Models




Length - Inches

Body Diameter
Inches

Nozzle Exit Diameter
Inches (Short

_ Nozzle)

Nozzle Throat Diameter

Weight = Pounds

C.G. Aft of Fwd
Cylinder End

Pitch Moment
of Inertia
Slug-Ft2

TABLE 2-3.

Configuration Design

12.5 Inch Diametetr

12,5 Inch Diameter
Model As Built

Full Scale Model Scale TMS-333 Test
1530.2 131.01 131.01
146 12.50 12.5
107.7 9.22 9.22
544 4.66 4.66
159706 100.2 107.2
891.4 76.3 77.1
8.33 x 100 38.3 40.9
Characteristics of the SRB 11-1-74 Baseline Configuration -

Prototype and Model
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Note: Dimensions are in inches
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SECTION 3.0

TEST PROGRAM

Tﬁe“test program consisted of a number of droﬁ tésts, ﬁsing the scale
models of the SRB described.in Séctibn 2.0. The tests were conducted at
the NASA/MSFC Over Water Launch (OWL) Tank Facility in Huntsville, Ala-
bama; the Naval Ordnance Léboratéry (NOL) Hydrobailistics Tank in White
Oak, Maryland, The University?:f New Orleans, New Orleans, Louisiana® and
the Long Beach Naval Shipyardi(LBNS), Long Beach, C#Iifornia. The drops
were made into calm water, in the nose-first ahd fail-first entry modesf
impact conditions varying with entry velocity and pitcﬁ angle, Défini-
tion of the eﬁtry parameters is illustratéd.in Figure 3-1. The test pro-
gram consisted of eight series 6f tests, conducted in the following

chronological order:

3.1 Test Series C-143

These were the initial tests of thé program and were conducted in the
OWL tank during ﬁhe period November 1972 to April i§73, in‘accordance
with the requirements of Reference 9. A total of 114 tests were con;
ducted, using a 12.5 inch~diameter modelvof the 156 inch-diametef SRB
configuration. The objectives of these tests were to evaluate entry
modes, flotation attitudes, penetratioﬁ characteristics, fundamentai
loads. Nose-first and tail-first entry modes were investigated, with
impact conditions covering the full-scale range of vertical velocity,
Vv = 80 to 120 ft/sec, horizontal velocity, Vg = 0 to 50 ft/sec, and

pitch angle, @ = 0 to 30° (Fig. 3-1). The test matrix is shown in
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Table 3-1. A detajled description of the tests is preéented‘in

Reference 4.

3.2 NOL Series #1207

This test program was conducted in.the.NOL HydrobalLiStics Tank during
February 1973. A 12.5 inchndiameter model of the 156 inch-diameter- SRB
was used for the test. The progfam consisted of 37 drops with each
impact conditién tested twice, once at atmospheric pressure and once

at a scaled atmospheric pressure of 1.53 psia. The objectives of

this test were to evaluate the effects of pressure-scaling on an open
end model configuration and to provide data for comparison with the

120 inch~diameter model being tested at LBNS. All drops were conducted
with a tail first ﬁatér entry mode with impact conditiong covering the
full scale range of vertical velocity, Vy = 40 té 100 FT/SEC, horizontal
velocity, Vg =.0, and pitcﬁ angle, 8 = 0 to 30f. The test matrix is
shown in Table 3-2. A detailed déscription of the test is presented

" in Reference 5.

3.3 Test Series C-145

These tests were conducted at the LBNS facility during the period Febru-
ary 10 - March 10, 1973, in accordance with the requirements of Refer-
ence 6. A total of 22 tests were conducted, using a 120 inch~diameter
model of the 156 inch diameter SRB configuration. In addition to tﬁe
fundamental objectives of the earlier test series, these tests were con-
ducted to verify scaling relationships. All tests were in the tail-first

entry mode, with Vy = 8 to 80 ft/sec, Vg =0 and 6= 10 to 30°. The test.
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matrix is shown in Table 3-3. A detailed description of these tests is

" presented .in Reference 7.

- 3.4 Test Series P~015

Thesé tests were conducted in the OWL-tank during thelperiﬁd July 1-27,
1973, in accordance wifh the requirements of Refefénce'lé. A total of
127 tests were conducted, ﬁsing’a 12.5 inch-diameter model of the

-~ 4-11-73 baseline configﬁration (with aﬁd withoﬁt nozzle extension), té'
evaluate the effects‘of driftAvelocity and the updated SRB configuration.
Tﬁe tail-first eht:y mode was investigated, with Vy = 80 to 120 ft/sec,
vy =0 to 60 ft/sec and 0==‘0 to 30°. The teét,matrix is shown in
Table 3-4. A detailed description of these tests is presented in

Reference 17.

3.5 Test Series P-022

These tests were conducted in the NOL tank during the period September
9-19, 1973, iﬁ‘accordance with fhe requirements of Reference 18. A ‘
tofal of 30 tests were conducted, 22 of them at scaled'atmospheric
pressure (1.29 psia). The model used was the same_as‘for the P-015
tests, except that it was modified to include a hemisphefical bulkhead.
The primary objective’pf the tests was to evaluate the effects of press-
ure scaling. The tail-first entry‘modé was investigated with the isame
range .of impact conditions as for the P-015 testsg except that wind drift
velocity was not simulated (i.e., Vg = 0). The teéf matrix is shown in
Table 3-5, and a detailed description of the tests is presented in

. References 19 to 21.
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3.6 Test Series P-029

Thése tests were conducted in the OWL tank during the perioa November
9-20, 1973. A total of 47 tests were conducted over the same range of
impact conditions as for the P-022 tests. All ;esté were with tail-
first entry, using the short-nozzle configuratioﬁ of the P-022 model,
modified to include an eiliptical-bulkhead aqd a bafflelin,tﬁennozzle-
skirt annulus region. The objectives éf thesé tests were to évaluate
the effectiveness of the baffle to shield the bulkhead'region and to
study lee-side cavit& collapse pressures. The test matrix is shown

in Table 3-6, and a detailed description of the tests is presented in

Reference 22. -

3.7 Test Series TMS-333

Water impact tests using a 12.5 inch scale model of the 11/1/74 con-
figuration Space Shuttle Solid Rocket Booster wéré“conducted during
October 1974 at the Naval Sﬁrfage Weapons Center, White Oak, Maryland
in accordance with the requirements of Reference 25. The objective of
this test program.was to measure acceleratibns, forﬁes, and pressures
imparted to the SRB Model during the initial impact, cavity collapse,

and slapdown phases of water entry.

A total of 69 tail first droés were made during this,test. Model
éntry conditions simulated full scale vertical velocities of 80 and
100 ft/sec with horizontal drift velocifies up fo 45 ft/sec and impact
angles over a 110° range. These teéts were conducted at both ambient
and scaled atmospheric pressures. The test métrix is shown in Table
3~7 and a detailed description of the test is presented in Reference

26.
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3.8 Test Series UNO-1

Water impact tests using a fore-shortened 12.5 inch diameter model
simulating the aft cylinder and nozzle/skirt geometry of the 11/1/74
and 5/1/75 configurations of thé Space Shuttle Solid Rocket Booster
Qere conducted during September 1975 at the Univeréity of New Orleans

School of Engineering Hydrodynamics Tank, New Orleans, Louisiana in ac-

‘cordance with the test plan of Reference 28. The objective of this pro-

gram was to evaluate changes in nozzle loads for the 5/1/75 configuration

‘due to the addition of the compliance ring and a one-foot extension of

the nozzle,aﬁd to substantiate the analytically defined increase of

nozzle loads of the 5/1/75 baseline update.

A total of 49 drops were made with five geometric configurations. Model

- entry conditions simulated full scale vertical velocities of 70, 80, and

90 FPS with water impact angles of 0, 5, and 10 degrees. Horizontal
drift velocity was not simulated in this test which was conducted at
atmospheric pressure. The test matrix is shown in Table 3-8 and a detailed

description of the test is presented in Reference 29.
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TABLE 3-1

TEST MATRIX - TEST SERIES C-143

@ *=0° Vg = 0 FPS
v | vH ¢ @ =10° 6 =20°
Fps | Fps| -20° [ -10° | 0° [ 10° 20° | 30° 90° o Vy=80 | Vy=100 | Vy=120 | vy=80 | Vy=100 | Vy=120
10| o X 0° X X X X X X
0 X X X | X X 22.5° X X X X X X
20 25 45° X X X X X X
50 X X 67.5° X X X X X X
0 X X X X 90° X X X X X X
swl25] x| x| x | % X 12,5 | X X X X X X
50° X x | x 135° X X X X X X
0 x | x x | x 157.5° | X X X X X X
6ol25 | x| x | x | x X 180° X X X X X X
50 X X | X X X
0 X X X X
80| 25 X X X X X *@ DENCTES MODEL ROLL ANGLE
50 X x | x X X
100} © X X X X
120} © X X X X




TABLE 3-2

TEST MATRIX NOL SERIES #1207

P & vy ' 6
PSIA | DEG® FI/sec |- 0° |. 10° 20° © 300
14.7 0° | 40 X X X - X
60 ‘ X -',‘ X ." X - X
100 x X X | x
s | 0
60 . X___ X X
! 100 , | X X
1.53 0° 40 X | X
1 60 X X X X
100 | X X X X
45° | 40 |
| 1 |____60 X X | X
Y 100 X | ox X
2.5 'Q°' .60 , X |
4.0 | ] X
8.0 A * X
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TEST MATRIX - TEST SERIES C-145

TABLE 3-3

REINFORCED

| STANDARD NO
Vy NOZZLE EXTENSION - NOZZLE EXTENSION NOZZLE EXTENSION
FPS 10° 20° 30° 10° 20° 30° 10° 20° 30°
10 X X X X |
20 X X X
40 X X X L X X
60 X X X X X X
80 X X
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TAELE.3-4a

TEST MATRIX - TEST SERIES P-015
WITH NOZZLE EXTENSION

Vv vy . ‘ : 6 .
¥PS FPS -20° : -10° 100 ‘ - 10° . 20° 30°
0 Xk X* X% X*
60 30 X
60 .
0 X% ' | X* X% ‘ X%
X X X%
80 30 X X
X X X
60 X X
0 A X% X
X ' X e
100 30 X x X2
X
60 X X X X
0 : X R X% . X% : X
X C -
120 30 X X X X
X ' | X
60 X X X

* Model rolled 180°
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TABLE 3-4b

TEST MATRIX - TEST SERIES P-015

WITHOUT NOZZLE EXTENSION

vy nVH : .
FPS | FPS [ -20° | -10° 0° 10° 20°
0 X X X
80 | 30 X X X X X
60 X X "x X X
0 X . X X
100 | 30 X X X X X
60 X X X X XX
0 X X X
120 | 30 | x X X X X%,
60 X X X X X#

#Model rolled 180°.
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TABLE 3-5

TEST MATRIX - TEST SERIES P-022
WITH NOZZLE EXTENSION

Pa Vv S - :
PSTA | FPS o 10°_ 1. 20° ] 30°
80 x X X
1.29 100 X X
20 | x X’ X X
80 X | X
4.7 0o | x X
120
WITHOUT NOZZLE EXTENSTON
- Pa Vy ]
PSIA | FPS o 07 207 ] 307
so | x | x X
1.29 100.:. x X X
120 x| =z | :i | X
80 X X
147 100 X X
120
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TABLE 3-6

TEST MATRIX - TEST SERIES P-029

WITH NOZZLE EXTENSION, ¢ = 180°°
Vy | 0

FPS 0° 0°

80 X %

100 X X

120 X X

WITHOUT NOZZLE EXTENSION, ¢ = 180°

Vy 0
FPS 0° 5° 10° 15° 30°
80 X X X X
100 X X X X* X*
120 X X X X* “X*®
#Model rolled 90°

WITHOUT NOZZLE EXTENSION, WITH BAFFLE, '¢ = 0°
Vv 8 -
FPS 0° 10° 20° 30°
80 X X X .X
100 X X X X
120 X X X X.
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* TABLE 3-7 ‘ -
DROP NUMBER ‘MATRIX NOL TEST TMS-333

ORIGINAL PAGE I8 POOR

Vy V4 Py ' =10° -5° T o° T 45° —s .
80 0 14.7 ] 0 . | x » :
15 ' .
30 : z
45 1 , 3
0 120
15
30
45 Y ' '
0 1.26 0 . - . ", -
15 - ‘ £
30 :
45 Y | : :
2 120 N _ :
15 » - X _
30
\ 45 ! { .
100 0 14.7 0 - —
L 15 -
30 -
45 Y " - X
9 120 i, "
15
30
45 -
0 1.26 | 0 e T
15 - A :
30
45 : :
L 120 X "
15 ~ - x -~
30
! 45 Y Y . :
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TABLE 3-8 TEST MATRIX - TEST SERIES UNO-1

ODEL SCALE [FULL SCALE , I
MODEL VERTICAL VERTICAL INITIAL IMPACT ANGLE
CONFIGURATION VELOCITY VELOCITY
FT/SEC FT/SEC 0 . 50 100
A 20.5 70 X X X
l 23.4 80 X X X
} 26.3 90 X X X
B 20.5 70 X X X
[ 23.4 80 X X X
+ . 26.3 90 X X X
C 20.5 70 X X X
J 23.4 80 X X X
4 26.3 90 £ X X
D 20.5 0 X X X
23.4 80 X X X
26,3 90 X X X
E 20.5 0 X X X
I 23.4 80 X X X
+ 26.3 90 X X X
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'SECTION 4.0

DATA ACQUISITION AND PROCESSING

A wire cable wa$ provided to éarry the transducer signals from the onboard
signal conditioner to an instrumentation‘trailer‘f&r'reco;ding'on analog
magnetic tape. The cgble COnéisted of five wires to‘transmit pbwer,‘elec-
trical calibrations, and three multiﬁlexed data signals. It was attached
to the ﬁodel near the C.G. and was dropped: with and alongside the'mﬁdel
during testing to minimize'forces appliéd to the model by the cable. in
the instrumentation trailer, seven tape tracks wére used to record three
multiplexed data signals, a 50 KC tape speed compénsapion signal, model

felease signal, IRIG-B time, and & voice signal.

Prior to each test, with model.suSpended above thé water, caiibration
resistors were shunted across all.transdﬁcers and pretest cali@rations
taken. After recording dafa during the test, post test'calibrations were
performed in a similar manner with the model in calm water. After each

~ test, the data tape was played back through a demodulator and recorded on
oscillogréph chafts.. The oscillographs were then_examined for data qual-
ity{ polarity, and IRIG-B tiﬁe. Based on the results of this examination,

modifications or improvements to the instrumentation were made as required

prior to subsequent testing.

The anaiog tape was then sent to the MSFC Computatioﬁ Labpratory fof digitiz-
iﬁg and plotting. The tape was played back, one dataﬂtraék at a time, with
the multiplexed signals passing throﬁgh tuners ﬁith individual frequencies
corresponding to the center frequenciés‘of the multiplex channels. Thus, |

the original multiplex smignal was separated into 21 individual signals.



These signals were then fed through a low paéslfilter tloobpps for test

series TMS-333 and 220 cﬁs for all others) into ardiscriminator which
measured the deviation from center frequency gnd aésigned to is a.four digit
magnitude. bigitizing was carried out at the rate qf 1000 sémples per Second.
The computer then read eacﬁ discriminator in sequenée; recycling to repeat

the process for the next millisecond in time. Compﬁter Eime‘required for one

complete set of readings was approximately 8 microseconds.

Dﬁring the digiﬁizing, the computer tracked the 50 KC reference signal,
adjusting time to compensate for any minute variations in speed of the tape
transport of fﬁe original analog data recorder. Overall control of the
process was keyed to IRIG-B time. The analog tape was sampled during the
pretest calibration, the test (beginning before model relé#ée apd continu-~
ing through slapdownj, and the post test calibration. ‘Output from the
digitizing computer consisted of a digital tape coptaining IRIG-B time fol-
lowed by 44 dafa points fﬁr each measured quantity} eaéh data point corres-
ponding to times one millisecond apart. .This format was fepeated until

all data had been included. The calibrations were then ngd to express
magnitudes of the diéitized data in terms of engineering units, and all

values were corrected for zero biases.

Finally, the tapes Wéfe processed in a merge and reformat progrém which
converted the data to Fortran form and rearranged it on files in a pre-
scribed numerical sequencé. A plot tape was generated gnd time histories
of all measured quanfities plotted on a‘Stronberg-Carlson 4020 Plotter.

A schematic of thé data acquisition and processing system is shown in

figure 4-1.



Photographic coverage for the tests was provided by 16 mm'High-Speed movie
cameras. In OWL Test Series P-015, P-029, ana C-143, data cameras were
mounted above and below the waterline, while split imége phbtography‘(with
the centerline of the camera lens at the Waterline)lwas ﬁséd_iﬁ.NOL Test
Series P-022 and TMS-333. All”camefas were above the waterline fof‘LBNSI
Test Series.c-145. In all eases, one caﬁera (ér set of‘caﬁéras) Was placed
in the model pitch plane, the other éerpendiculaf to it.f All were aimed

at the impact point. In the LBNS teéts, an additional caﬁera was mounted

inside the model to record the flow of water through the nozzle.

Caméra speed was set at 250 frames per second. 'Timing linés were recorded
on the margin of the film for exact_determinationroflframe speed.‘ A rec-l
tangular grid with horizontal and vertical‘linesione foot on center was'
pﬁotographed on each reellof film to provide a linear distance calibration.
Flash bulbs, which illuminated a£ model release, were placéd in the field
of view of the cameras to coordinate time with the electrical instrumenta-

tion.
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SECTION 5.0

SRB WATER IMPACT DYNAMIC EVENTS

Water impact of £he SRB as fevealed by Bigh speéd?pgotographic recérds

and measured data from éhé model tests allows a quéiitative'de5cripfion of
entry phenoméha. This description is best viewed‘asﬂindividual phases con-"
sisting of initial enfry, cavity formétion'and-coliapse,‘ﬁaximum penetra-
tion, and reﬁound and slapdown (Figures 5-1 andlS-Z). Within these phases,
there are one or more distinct events which establish possible design criteria

as indicated below:

Entry Phase Event Possible Design Criteria
Initial Entry  ‘Nezzle Toe-in ' External Crushing Pressure on

Nozzle Keel (Long Nozzle)
Max. Pitch Normal Load on Nozzle and Skirt,
~Acceleration Vehicle Bending Moment,Pressures

on Nozzle & Skirt.

Max. Axial "~ Axial Load on Nozzle, Vehicle
Acceleration Pressure Loads on Nozzle, Skirt

Annulus Stagnation‘ Crushing Load on Bulkhead

Cavity Forma- .Cavity Collapse Crushing Load on Aft Case & Skirt
tion & Collapse '
Max. Penetration Max. Penetration Crushing.Load on Aft Case
Rebound and Slapdown Crushing Load on Forward Case at
Slapdown . Various Times (t,, tj, to)

5.1 Initial Impact

Nozzle Toe-in. As the vehicle enters the water, there is a very short

time interval following initial contact with the liquid free surface during
which only a portion of the nozzle extension is wetted., The remainder of

the vehicle is dry. For negative impact angles, this wetted portion is on
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the keel side of the nozzle.‘ I£ water éntry:is acéompanied by abpreciable
horizontal vélocity (Vg 2 ~ 30 ft/sec), Sngificént‘external nozzle keel
pressures result and thevevent is designated as nozzle "toe-in". 1In this
case, the component of fluid yelocify ﬁormal'tb the bédy at'impact is maki-
mized. Pressures aséoéiated with this flow_deveioP_ovef thelnozzlé external
surface. The flcw separates from the.in;erﬁal nozzle SUff;ce on‘the keel side
giving rise to near ambient pressure §n the'nozzle:internal Sufface. As a re~
sult, the vehicle is subject Eo'a momentary pitchiqg moment, while the wetted
pertion of the nozzle extension is subject fb a local short~duration compres-
sion (buckling) 1qad. Nozzle toe-in, as a distinct eﬁent, is observed only
with the long nozzle configuration at the relativelj high effective impact

angles associated with large horizontal velocity and negative impact attitude.

Maximum fitch Accelefation. As the vehicle penetrates further the increasing
flow of water into the nozzle and nozzléiskirt annuius compresses the entrapped
air inrthe motor case chamber, Due to the normal velocity component, the flow
is asymmetric, causing a build-up of £luid élong the inner walls of the skirt

and nozzle on the lee side. The resulting pressure build-up over the external

keel and internal lee surfaces producing a considerable normal force and pitch-
ing moment on.the.vehicie. This time is designated the maximum pitch accelera-

tion event.

Maximum Axial Acceleration. Moments 1atét, with continued penetration, the

nozzle flows full. Nozzle and skirt internal pressures rise sharply, producing
maximum hoop loads and for the configuration without nozzle extension, the noz-
zle/skirt annulus stégnates.by impact of the water head with the motor case

aft closure bulkhead. This produces the maximum veﬁicle axial acceleration
event and maximum local pressure loads on most of the appendage structure

and subsystem éomponents. The time interval between maximum pitch and
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and axial accleration is a function of cffectivc impact angle;, decreasing.
with decreasing angle until the two events become indistinguishable for near-

zero angles.

.Annulus Stagnatiod'ﬁiith Nozzle:Extensi§n); Alphongh the vehicle has lost
considerable momentum during thé deéelération of initial impact for the con-
figﬁrétién with nozzle extension, penetrating velocity'is stiil sufficient
to‘céuse flow past the nozzle to separate at the nozzlé exit plane.  As back
pressure builds up in the nozzle-skift‘annulus regiop, the separating free-
streamlines from the nozzle exit plane diverge with time. As a result, the
flow passage between separating free surface and vghicle skirt con;inuaily
decpeases. About 30 msec. (model scale) after the‘time'of maXimum’agial ac-
celeration, the separating free streamline has diverged to‘the point where
it encloses the aft rim of the skirt. Therefofe, oncoming .flow is diverted
around the skirt, and flow into the nozzle-skirt annulus is.éompletely cut
off. The annular slug of water entraine& betwéen the nozzle and skirt con-
tinuesltoward aﬁd finally.gtagnates on the bulkhead. .There-is a spike in
bulkhead pressure with a corresponding spike in axial abceleration,_the mag-
nitudé 6f which is much smaller than that of the ea?iier maximum axial accel-
eration event for this configurat;dn. The assoéiatéd‘loads on the nozzle.
wall are comﬁressive'(buckling) from the throat.to‘the aft end of thg skirt

and tensile (hoop) from there to the exit plane,

Annulus Stagnation (Without Nozzle Extension)

With continued penetration a quasi-steady state flow is established in-
side the nozzle and internal pressures drop rapidly. In the nozzle/

skirt annulus a cavitating flow has been established along the walls as



a result of wakes‘from the nozzle.compliance riﬁg and the large strué-
tural rings inéide of the skirt. Aftef the Water'slug impacts the aft
closure; bulkhead préSSurés begin to decay to approxiﬁater'SO% of peak
value as a pressure wave reflects Back'through the annulus. Loé#ljpress—
uré in the water increases and all internél cavitation'collépses. .Nozzle,:
skirt, and bulkhead preésures rise with all areas being subjécted to
approximately the same pressure which is on the ;rdér of 2/3 of the

peak bulkhead pressure duriﬁg maximum axial accéleration. In addition

to compressive buckling, the stagnation results in a negative nozzle

axial load, pulling it away from the bulkhead, due to the stagnation
pressure being much larger tﬁanlthe nozzle internal bresSures‘at this
time. For some impact conditions the magnitude of the negafive nozzle
‘axial force is approximately equal to the positive axial load during maxi-

mum axial acceleration.

5.2 Cavity Formation and Collapse

For a pure vertical entry, i.e. initial horizontal velocity and pitch angle
are zero, the cavity formation and collapse is symmetrical about the vehicle

centerline as shown in Figure 5-3. Verticél velocity for the case illustrated

is 100 ft/sec., full scale.

During the initial entry phase discussed above, cavity develdpment is very
minor. This is due to the fact that the open nozzle or nozzle skirt combina-
tion capture most of the stream tube of water with a diameter equél to the

exit diameter. The water outside this stream tube diverges very little and
enters the nozzle-skirt annulus region. After the nozzle and nozzle/skirt
annulus are filled with water and entraﬁpedbair (i.e. ghortly after the maxi-
mun axial acceleration event), the vehicle acts more nearly like a blunt (solid)

body and lateral displacement acceleration of the water increases rapidly to
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acébmﬁodate the'pengtrating vehicle. As the vehicle continues to penetrate,
its veloci;y decreases and less lateral moméﬁtum is impéfted to the>water;

- The 1atcra1 momentﬁm'impartéd to the Qatet at the‘Cavitvaall ié resisfed by
the difference in pressure across the cavity wall. This'pressure difference 
is a result of hydrostétic pressure in the‘w§tef and the ambient air prASSure
in the open cavity. Near the surface thiS‘CaVity restqring foréé‘is vé£y~$ma11

. and the maximum cavity diaméter‘is'developed at about one half vehicle diaméter

below the original water 3urface.b At greater depths, the combination of'leéé
lateral momentum imparted to the water {due tp reduced velocity) and the.

greater resforiqg force on the cavity wall (due.tb increased hydrostatic
pressure) results in smaller maximum cavity diameters. Maximum totai-ca?ity'
volume is developed when the vehicle has enetrated about tﬁree vehicle
diameters. Beyond this point in‘the.entry, the cavity wall about two

vehicle diameters below the watef surfacc begins to cloéé toward the

vehicle, The cavity then "co1lapses" rather uniformly_oyér about two

vehicle diameters forward of the aft‘end of the vehicle skirt. A large

amount of air is trapped near the aft skirt and becomes entrained in the

water as illustrated. This collapse of the cavity,onﬁo the-vehicle

causes large pressﬁres on the vehicle aft case and skirt. After the 'cav-
ity collépse” onto the vehicle, the remainder of thevcavity (above about
two vehicle diameters below the surface) closes.rapidly'from the bottom.
This vertical closing of the cévity results in a jet of Qater being creatgd'

which sprays up from the original entry point.

If there is some horizontal velocity or pitch angle at impact, the cavity
formation is similar to the vertical case above but collapses asymmetri-
cally with respect to the vehicle. This is illustrated in figure 5-3 for

a case with zero horizontal velocity and a 10 degree pitch attitude at
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impact. .Vertical_velocity is 100 fps in this case also. The waﬁer which
initially filled the nozzlé/skirt annulus can be seen being expelled in
the early stages of cavity development. The cavity boundaries_are'éome_
what straighter, in the pitch plane shown, than for the symmetrical entry
discussed above. Although the cavity is asymmetric with respect to the
vehicle, it is nearly symmetric with:respect to the vertical. As;£he
cavity St;rts to collapse, the keel side cavity wall encounters the vehi-
cle which is also tending to pitch into the cavity‘wall due to pitch rates
induced during iﬁitial impact.. This event, denoted cavify "wall slap' in-
duces significant pressures locally, but are higher freéuency and of lower
- magnitude than the subsequent '"cavity collapse"'pressuresf The keel side
cavity wall washes around the vehicle and the cavity éollapses-onto‘itéelf
along a line just off the surface of the vehicle. The collapse linc coin-
cides very neérly to a'ﬁerticél line passing the center of the vehicle base,
The collapse is accompanied by local pressures in the viéinity of the
collapse line greater than the symmetric case. This is to be expected
since the energy due to cavity collapse is now concentrated along a line

rather than over the surface of the vehicle.

At initial impact angles greater than about 10°, the maximum pressurcs
and accelerations due to cavity collapse begin‘to decrease. This is
primarily due to the fact that the coilapse line described above fetéins
the characteristic of coinciding with a vertical passing through the.cen—
ter of the vehicle base. : But at the higher impact angles, the vehicle is
at a large angle with fespect to this vertical at cavity collapse sé that
the energy source of cavity collapse is more removed from the surface of
the vehicle. Another factor reducing the cavity coliapse pressure at the
higher impact angles is the lower penetration depth at c#vity collapée

which reduces the hydrostatic restoring forces on the cavity walls.
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5.3  Maximum Pehetration |

After cavity collapse ghe‘véhicle continues to penetrate, but at a
.'continually decreasing fate, as it lpses momen tum ﬁue fo theléombihed:
effecfé of hydrodyﬁamic drag and bouyancy forces. _ﬁitﬁ hydrostatic press¥
lure in the neighborhood of thé ndzzle exit increasing with indreasing
‘débth, water agaiﬁ‘flows through the]nozzlé intd the combustioﬁ cﬁamber.
Chamber pressure‘riées until the time of "maximum peﬁetration", which
is attéinéd about 0.6 sec. (Model scale) aftér insertion. At-this-time,
the farthest afﬁ point'on the vehicle centerline reaches its maximum
depﬁh. For reference, maximgm:penetration depth is 60 to 70 ft., full
scale, for zero'pitcﬁ a;titude and horizontal velqdity at impact, and
vertical velocities of SC to 120 fps for thé configuration with nozzle
extension. For the short nozzle'éonfiguration,'maximum'peuetration :
depths are slightly lesé but qnly because the référence point is the

skirt rather than nozzle exit plane.

5.4 * Rebound and Slapdown

After the vehicle has lost its penetrating momentum, béuyancy forces. pre-
dominate. For low effec‘five impéct‘angles (00— @ =0), the bo‘uyancy
forces will cause the vehicle to "rebound", i.e., the axial velocity
will reverse ﬂirection and the vehicle will retufn along its origiﬁal
entry path for some distance before pitchiﬁg over and ''slapping down"

on the water surface. For moderate or high'efféﬁtive impact angles;

high pitch rates are induced during the initial impact phase and slap-
down occurs while the C.G. is monotonically approachiﬁg fhe water. In

the latter case, maximum penetration may be reduced to the order of 30

ft.
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During this "slapdown" bhase,‘é sharp pressure pulsé runs‘up:thé cylin-
dfical body'of the vehicle as keel penetrates the free water Surfaée

at prégressively more forward locations. This_ppessurelpulsé takes on
maximum values at a point about one~third body length_from‘the nose.

At the same fime, since the cylinder is‘driven into the free surface

of the water more or less broadside, a cavify is formed_éircumferené
tially about the cylinder. The‘circumferential'lécation of fhe water-
line definiﬂg the wettEdb(ioaded) portion of thé cylinder varies with
axial position along the body, moving from the keel at the spray root
location to a position 90° from the keel a short distance aft. Its
location aloag the reméinder of the body is effectively unchanged.

Since the waterline geometry varies with time, so does the préésure
distribution and‘aSSociated load over the wetted portion of the cylinder
defined by this boundary. The separating.flow.responsible for the lateral
cavity collapses rapidly on the vehicle, but with relatively low collapsing
pressures as collapse points are at very shallow depths. Slapdown is
considered compléte when pitch rotationai velocity poes to zero as a
result of decreased inertial forqeé‘and increased bouyancy forward of
the vehicle C.G. The final rotational motion is quickly damped out,

and the vehicle assumes its equilibrium position. Although some water
has been taken on board, it floats in an approximately horizontal flota-
tion attitude. Thereafter, vehicle motion is limited to bobbing in res-
ponse to perturbations in the water surface, and the water impact is

ovexr .«
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SECTION 6.0

SCALING RELATIONSHIPS

Scale model testing of a prototype vehicle entering a liquid (water) from -
a gas (air) requires the simultaneous matching of many non-dimensioéal
parameters for a:complete simulation of the dynamiés of éntfy. For the
configuration and entry conditions of interest here, the most important
 parameters are the vehicle density relative to the liquid density Gﬁ/ﬁﬁ L3),
‘Froude number (F = Vo/ V/fg),'and Euler number (E = p/pvz). Matching of
these parameters along with. geometric and mass distribution similarity can
be accomplished simultaneously in scale model.testing in water with ambien£
éir pressure reduced by'the scale factor, A = Ly/Lp. The resultiné rela-
tionships between‘the various model and prototype physical quantities are
summarized in the table below #nd are referred to cumulatively as "Ffoude
Scaling'.

Scale Factor

Physical Quantity Model )
' Prototype

Angle -1
Length A
Area N2
Weight ' ‘ A3
Moment of Inertia . . A?
Time ‘ ‘ Vi

. Linear vVelocity ' ' VX
Angular Velocity ‘ IAN
Linear Acceleration ‘ 1
Angular Acceleration .1/
Pressure ' ‘ A
Force ‘ E



Other parameters which involve such effects as air and water compressibil-
ity, body temperature, and body flexibility are expected to have little

effect on loads (pressures, forces and accelerations) and were not simulated.
Pa - Pc ’
% Py V2
parameter although it is matched when testing at reduced ambient pressures.

Cavitation number, ¢ = , is not expected to be an important

The role of gas to 1iquia density ratio,"ﬁéfpl, is not fully therStodd'

at the‘presgnt time but it is indicated by Waugh, Rer. 27, tﬁat'the'gas
density ratio should be matched in order to model the effect of gas dynamic
pressure, %I@Véz} The results of Waugh are based on prototype torpedoes with

various head shapes at entry velocities of 400 fps as compared to 80-120 -fps

here, and a mass density of 43 1b/ft3 as compared to 11 1b/ft3 for tﬁe SRB.
Waugh also drew his conclusions from compérisons of trajectories and cavity
shapes, whereas we are concerned here primarily with the effect of gas density
scaling on maximum ¢avity collapse‘preSSures. EXcept for.air entrainment,

Appendix B indicates Froude and pressure scaling are the prime require~
ments.

Although Froude scaling is gencraily accepted for modeling of water entry, no

previous testiﬁg had been conducted which would establish Froude scaling for
configurations and entries typicél of the SRB. A test program was conducted,
therefore, to verify Froude scaling‘using a Titan ITIC 120 in. SRB and a

19.5 in. scale model.

Figures 6-1 through 6-8 present comparisons of 12.5 inch‘and 120 inch dia-
meter scale model data. These comparisons are nécessarily limited to
nozzle and slapdown pressures for five entry conditions because of the hiﬁ1
instrument failure rate in the 120 inch‘diaﬁeter model tests, the nccblero;
meters were inoperative for a2ll drops and approximately 1/2 of tho_other on-
line instruments were damaged or destroyed on each drop. TFor the prééunrod
comparisons, the 12.5 inch data pressures and‘times.were‘scaled to 120 inch

data using the Froude scaling relationships.
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Figure 6-1 shows the maximum'nozzlejpre339¥es'f§} Vy = 40 FT/SEC at @ = 105,
203,.and 30°, an& for V; = 60 FT/SEC at = 10° The data presenfed_are
peak values for 120 inch dafa‘and 10lmillisecond average.values for .12.5
inch. The aft nozzle pressuré, No. 42,‘COm§éreé well fof all conditions,
the throat pressure; No.vhl, has a tendency to fall off at the higher iﬁe

pact angles.

Figﬁres 6~2 and 6-3 show time history overlay t;acing of dezle pressures
for Vy = 40 FT/SEC and f= 10°. The upper plots on each pége compare 120
inch data with 12.5 inch data taken at Py = 14.7 psia, the lower plots
present the same comparison with the 12;5 inch data taken at P% = 1,53

psia. The first figure, 6-2, presents true value data fdr‘Both modelé and
the second figure, 6-3, presents 10 millisecond average data for boﬁh models.
‘Figures 6-4 and 6-5 show similar plofs for an entry condition of Vy = 60
FT/SEC and 0 = 10°. With the exception of the maximum pressure value at

the throat, the 120 inch data compares very well with the 12.5 inch daté
taken at P =V13$3 psia. The appearance of the 120 inch scale throat press-
ure, D21, indicates that it may have been driven inté the carrier frequency
band edge on the data tape and folded down. This phenomena has been en-
countered on other test data when the daté system vqltage‘controlled o8-
cillators are not tuned to their center frequency and the transducer puts
out a high signal level., Referring back to Figure'Gfl‘for the impact con-
ditions of Vy = 40 FTI/SEC and f= 30°, the thrﬁat pressure D21 reads 72 psi.
It is expected that this pressure would iﬁcrease at lower impéct angles for
a given vertical velocity. Also the widely separated doubie peaks on D21

in figures 6-2 through 6-5 are typical for high impact angles but wére not

observed on other data for 8 = 0° and 10°.
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Figure‘ 6-6 presents comparison's o-f.primary slapdown keel pressures'for_ '
the 12.5 inch and 120 inch scale models. - The data‘shown'is'beak value 120
inch data and 10 millisecond averége 12.5 inch model daté. Figure 6-7
presents time history overlay tracings ofbpeak value siapdowﬁ pressures

for the two models. Figure 6-8 shows the same comparisons using 10 milii-
second average data fof Eoth models. The 12.5 inch data is generailY'
higher at the maximgm value but it compares very well over the time history

of the measurements.
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12,5 INCH MODEL DATA ARE SCALED TO 120 INCH MODEL VALUES
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~ 12.5 INCH MODEL DATA ARE SCALED TO 120 INCH MODEL VALUES
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12 5 INCH MODEL DATA ARE SCALED TO 120 INCH MODEL VALUES
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SECTION 7.0

DATA ANALYSIS

Typical plots of‘the drop test data are*presentéd in Figuré 7-1. Superim-
posed on the time histories in the figure are indications of the times of
the various dynamic events characterisizing the impact, as described in
Section 5.0. As deécribed earlier, thg models were fabricated to be essen;
tially rigid bodies. Nevertheless, they wéfe not complete rigid. As a
result; there was some minor aynamic response of thé structure, excited

by the impulsive loads of initial impact producing small oscillations

in pressures and accelerations. .

Since the elastic properties of the models were not to scale, instanteous
values of the data subject to these high frequency 6s¢illations cannot
necessarily be taken at face value, aé they do nbt accurately reflect the
hydroelastic response to be expected of the full-scale vehicle. At the

~ Same time, it must Be remembered that tﬁe primary purpose of the model test
data is to serve as a baéis for generating full-scale loads for SRB struc-
tural design, and the stress analysis methods to be uéed'in formulating
that design are based on a static analysis. Therefore{ the dynamic values
of pressures and accelerations acting on the model during water impact can-
not be used directly and must be replaced by equivalent étafic values which
will produce stresses in the supporting structure equal to the maximum

values actually.déveloped by the short-duration dynamic loading.
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The stress developed in a structure supporting a short-dufaeion dynamic

load is not only a function of'the magnituqe of the apbiied lead, but it
islalso etrongly dependent 6p the duration ever‘which‘phe load is.abplied;
This duration defines an a&bciafed frequency; Depending onehpw this fre-
quency compares with the natural ffeqpeﬁcy-ofltheestructufe, the dynamic
amplification factor will beﬁgreeter or less tﬁan'unity. Thatvis? the
stresses induced in the structure gy the actual dynamic ioad will be greater
than or less tﬁan those that would be induced by a load of the same magni-

tude .and distribution applied for an extended period of time.

A method for determining the_equivelent.static load for a given short-
duration dynamic,load, presuming the supporting strucfure can be repre-
sented as a linear, elastic system with one-degfee of freedom, ié given

in Reference 23. Using this method, equivalent static values were deter-
mined for typical short-duration pressure pulses develeped oh the model
during water impact; At the same time, the actual preeeure-time histories
were averaged by computer over various averaging time’intervals and re-
plotted., The calculated equivalent static values were then compared with
the magnitudes taken on by the same pressure in the time-average& plots.
The comparison showed that equivalent static ﬁalues for ihe pressures and
accelerations developed on the model during water impact‘oould be approxi-
mated by reading 10 millisecond averages of the‘original deta. Theiefore,
in reducing the data for the model tests, 10 millisecond average values‘
were read for all quaqtities with the exception‘of cavity collapse data.
The pulse period for cavity collapse is of the same order as the case
natural period for the first ring mode and actual peak values were used

for this event.
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7.1 Initial Jmpact

Noézle Toe-iﬁ. Initial contact by the &ehicle with the liquid free sur-
face was detected by the accelérometers; All‘registéred,an instantaneous
displacement from their free-fall positions at the momént of contact. The
.fime of nozile toe-in was thep given by the spike in nozzle external preés-
ure immediately after initial contact (Figure 7?1)f Only a limited portion
of‘thé nozzle exteﬁsion is wetfed at ﬁhis time, and only one transdﬁcer
read non-zero pressure. Therefore, the precise boundary of the wetted
surface and distribution of pressure over this surface could not be deter-
mined and had to be assumed. It was assumed that only that portion of the
- nozzle extension not shielded by the_skirf from relative flow due to the
horizontal component of velocity was wetted (Figure 7-2). The pressure
associated with this flow was then taken to be constant along the ¢ = 0°
meridian and to vary circumfefentially with the cosine of the ray angle,
1¢. Flow separation (zero pressure) was assumed at the nozzle exit plane
or at P= i_90°, whichever was enc.o.u;ltered first by the individual stream-

lines of the presumed flow.

Maximum Pitch Acceleration. This event was detected by all three pitch

accelerometers. By definition, the time for this event is taken tp be the
time at which the value of the pitch acceleration reaches a maximum. Due

to the elasticity of the model structure, the time indicated for the event
by the three acéelerometers ﬁas not always precisely the same; under cer-

tain impact conditions, the indicated time varied by 2 to 4 milliseconds.

Therefore, the output of the accelerometer located farthest aft, and

therefore closest to that portion of the wvehicle over which the impact
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loads were applied, was selected as the reference for determining the

time of maximum pitch acceleration (Fig- 7-3).

The nozzle’énd-skirt are only partially wetted at the tihe of maximun
acceleratioﬁ, and.since the number of pressure transducers instailéd

in this region was limited,»a ptecise desc:ipfion of the wefted boundary
was not obtained. Therefore;:for purposes ofvevalﬂating ?he loads, the
boundary was prescribed by a rather arbitrary interpolation bétwéén
wetted and unwetted transducer locations. Since only one transducer

on the skirt and one on the nozzle were wetted along the ¢’= 0° meridian,
pressures along the wettéd portions of the meridian were ASSu@ed constant.
Two transducers measuring nozzle internal pressure along the $ = 180°
meridian gave non-zero énd unequal readings, so the longitudinal disgri-
bution of pressure along the meridian Was assumed to vafy lineariy.

Based on the results of Ref. 4, the circumferential distributions were
assumed to vary with the cosine of the ray angle, as described in Figures

7-4 through 7-6.

Nozzle and skirt pressures were read at the time of maximum pitch accelera-
tion for all tests. With actual impact conditions (Vy, Vi, §) measured
from the photographic data.for each test, the resultant velocity, U and

effective impact angle (@~ @) were calculated by,

U= V VV2 + VH2

(ax - 8) =t:-m"1 (.“%) - €

The equivalent non~dimensional pressure,

was then calculated for

P
Lpul

each measured nozzle and skirt pressure and plotted as a function of
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'((2;-9)- For each measﬁ:ed'quantify, the result should be a family of -
curves with Vy, VW, or ## as paramétérs. However, due to_éxperimental
error, the plots exhibited considerableISCattér, and the parametric
dependence could not beﬂdiscerned. Neverthelesé, a mean‘éurve was_eaéily
draWn} Similar Cufves were constructed for axial locations coinbident.
with nozzle throat and nozzie anq skirt exit planes by cross-plotting‘
‘the non-dimensional curves for the préssufes at the transducer locations,
extrapolating and replotting. Since given impact conditions dictate cor-
responding vaiues for U and (Q-Q), these non-dimensional curves then
yielded nozzle and skirt preSSures'at throat and exit planes for any given
set of Vy, Vg, and 6 . Given the matrix of full-scale impact conditions
of interest, the pertinent nozzle and skirt pressures required for quan-
titative definition of the pressure distribution 0vér the wetted surface
were then obtained directly from the curves. They were later carpet

plotted as functions of impact conditions (Fig. 7-9).

. The pressures were integrated over the surface of the vehicle to give
the resultant force in the direction of the vehicle axis, the.resultant
force normal to the axis in the pitch plane, and the associated pitch
ﬁoment developed about ﬁhe C.G. Vehicle mass and pitch moment of iﬁer-
tia were used to calculate axial, normal and angular accelerations at
the time of maximum pitch acceleration (Figs. 7-11 and 7-12). Axial
load, shear and bending moment were then célculated as a function of

vehicle station. (Fig. 7~13).

Maximum Axial Acceleration. The time for the maximum axial acceleration

event is defined as the time at which the value of the axial acceleration
reaches a maximum, The event was detected by the axial accelerometers,
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Generally, there was Verywlitﬁleudiffereﬁce in the time indicated by all
three accelerometers. However, in those cases in which therevwas appreciable
difference, the accelerometer located farthest aft was used as the

reference.

At the time of maximum axial acceleration, the nozéle is fiowing full and
an appreciable amount of water haé entered the‘nozzle—skirt annulus. There-
fore; the wetted surface ana pressure distribution ﬁver that surface are
relatively well-defined. Measurements indicated that'thé pressure acting
on the bulkheéd and skirt internal sﬁfface was essentially constant. Press-
ure acting on,thé nozzle internal surface was greéte; at fhe throat than

at the exit plane, vérying‘linearly with axial distance Between‘the two
locations. The nozzle.external‘surface waé not appreciably wetted, so the
external pressure was taken to be constant and equal to ambient pressure.
The cirgumferential distribution of pressure was assﬁmed to be axisymmetric,
based on the resglts of Ref. 4, so the pressures at maximum axial acceler-

ation were taken to be independent of angle ¢ . (Fig. 7-10).

The data reduction method for the maximum axial acceleration event was

identical to that described above for the maximum pitch acceleration.event.

7.2 Cavity Collapse

Cavity‘collapse is signalled by a sudden increase in external case and’
skirt pressures, and depending on the effective impact angle may result
in large pitch.accelérationé. This event was detected by accelerometers
and pressure transducers for every test condition except for a few at rhe

highest effective impact angles for 120 ft/sec vertical veiocity.

7-6



For the "typical model test da;a" of Figure 7-1, ;avity collapse oécurs

at about 0.3 second after impact. The tail pitch a;celerométer (EPOO?)
goes from a pre-cavity-céllapse quasi-steady level of +2 g's to a -1 ¢
peak in about .02 seconds, and quickly returns to a post-cavity-collapse
1evé1 of +1 g. At the same time, peaks are noted'in the skirt external
pressure (D0026), skirt internal pressure (D0028) and the nozzle internal
ﬁressure (D0025)f This test condition corresponds to-a rather high effec-
tive impact angle.(CI- 6 = 32“) and cavity collapse does nét result‘in
severe loads. The +2 g tail accelerometer reading Before cavity collapse
is due to the fact that the keel centerline is wetted, i.e. the cavity
does not envelope the vehicle, from just after impact through the complete

entry.

Cavity collapse loads were found to be primarily a function of effec-
tive impact angle, @-0 , but for convenience are first discussed as a
function only of pitch angle for zero horizontal velocity conditions.
For a pure vertical impact, cavity development and collapse is symmetric
about the vehicle centerline and results .in sudden increase in pressure
from zero to about 5 psig (model scale) over the-aft 2 to 3 diameters of
the vehicle. The cavity shape and resulting maximdm pressures on the

keel and lee meridians at cavity collapse are illustrated in figure 7-14a.

Maximum cavity collapse pressures are encountered at (- 8) = 100 For this case
the cavity envelopes the entire vehicle below the water surface until maxi-
mum cavity size is attained. The cavity collapses asymmetrically with respect

to the vehicle but axisymmetrically with respect to a line just off the lee
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side and has the typical.shape and resulting pressﬁ?e.diétributions as shown
in figure 7-14b;. Maximum'prQSSurés on‘the order of 15 te 20 psig, model
scale,'are‘generated on the lee meridian. As iilustréted, a iafge portion

of the keel sidejis wetted at cavity éollapsé whereas the lee side is

wetted 0ver-a'length someﬁhat less than_fpf a-§=40, lAt iﬁpact angles (¢~ 6)
greater than about 10'degrees; the cavity collapse_presSures and loads

‘decrease for the reasons discussed in section 5.2.

The primary test updn which the loads analysié of this report are based

is the P-015 test, conducfed at ambient atmospheric pressure, and simulated
entries with various horizontal veloéiﬁies, vertical velocities and pit;h
angles at impact. This test yielded keel pressure distributions and total
‘ 1oéds (accelerations) at cavity collapse for the full range of expected
entry conditions. Lee side pressufe diétfibutions,weré obtained in test

P-029, also an ambient atmospheric test, but horizontal velocity was not

simulated in this test. Thus the lee side pressures had to be estimated
for horizontal velocity impact conditions. ‘

Estimates of the lee side pressure distributions fbr conditions with
horizontal velocity Weré made using thé known total‘nérmal force ahd moment
(from accelerometer data) and keel pressure distribution, lee side ﬁefted
léngth (measured from underwater camera pictures), and e;timates of the
circumferential pressure distributions. A balénce of appliéd pfessure
loads and inertial reaction loads then yields the lee side pressure load.
The lee side pressure load was then distributed over the ébove wetted
length with a lee meridian pressure distribution similar to those measured

for zero horizontal velocity. The effect of on-board water was accounted
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for_iﬁ the load balancing by assuming that‘the nozéle and skirt were full
of water but that.it was only 50% effecti?e in reacting tﬁé applied loads.
The reduction in effectiveﬁéss Qas used to account for the fa?t that this
. water is not‘fi#ed to the vehicle but is free to flow out of the nozzle

and skirt.

The ciréumferential pressure'diétributions from. the bgse’of'the vehiéle
to the Iée side wetted length aré,based on previous tests of a 12.5 in.
" model of the 156 inéh-diaméter configuration tested at atmospheric and
scaled ambient pressure at the Naval Ordnance Laboratory Hydroballistics
Tank. Circumferential pfessure diStriButions were measured at two stations
near the base of the model. The cavity collapse distfibutions were found
to be very similar at all significant test conditions. The keel side
pressures were found to be very nearly consﬁant from the keel to the side
meridians. From the side meridian, the pressure rises to a maximum at
the lee meridian. All of the distributions could be represented quite
closely as |

P =P +K. (P180 -.Po)
where Pg is the keel pressure, P180 is the lee ﬁressure, and K¢ is an

emperic factor derived from the data and shown in Figure 7-17.

Forward of the lee side wetted length the circumferential pressure distri-

bution is taken to be of the form

@

P = P, %[l+cos( _...77)]
W

where is the angle from the keel meridian to a wetted line drawn between
W g

the keel and lee side wetted lengths and may be expressed as
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7;3 Maximum Penetration

Maximum penetration was determinéd through analysis of high speed motion
picture data recorded during the modelxtest'ptqgrams. Thesé filﬁs were
viewed with a Vanguard‘yilm Analyzer and ﬁhe re1A£ive position of alpoint on
the model was tracked on Successive frames from shortly before impact

until themodel waé obscured by the water spray, Time and the x,y, § model
coordinates were then processed in a computer program which calculated theb
horizontal and ver;ical position and velocity of the model nose, C.G;,

and tail during water entry.

The reduced photographic data was examined and the point of maximum pene-
tration selected. The model depth and pitch angle at maximum penetration

were smoothed and carpet plotted as a function of impact condition.

7.4 Slapdown

As discussed in Section 5, slapdown is defined as that phase of water
entry where high pitch rates -induced by the initial impact and/or unéﬁable
buoyancy forces rotafe the vehicie‘to pitch attiﬁudes where the keel
meridian of the forwardlportion of vehicle is rapidly entering the watef.
The vehicle C.G. is generally at or approximately one diémete;.below the_
water surface during this phase of water entry, the.pitCh angle is at SOV.
to 807, and the instantaneous center'of rotation is néar the vehicle base.
This cofreSponds to keel meridian locations up to about & diameters from

the nose penetrating the water surface at high veldcitiés. High local
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“pressures and forces are generated which eventually reduce the angular
velocity to zero and the vehicle settles to a near horizontal floating

attitude.

Slapaown occurs over a finite time period with time varying pressures

and éccelerations acting on:tﬁe vehicle,,apd there is‘no‘specific time

ét which structural loads are obviously at a maximum. Invorder tolinves-
tigate the variétidn.of structural loads with time during slapdown, press-
ure distributions were integrated over the vehicle to obtain applied load
distributions and the inertial reaction load]distributions were calculated
for several times during slapdown. The time ﬁoints selected for slapdown
load analyses were keyed to the times at which the keel pressure measured
at selected transdﬁéer locations was at a maximum. | Results of these analy-
ses showed that keying the load analyses to maximuﬁ pressure times at
transducer locatiqns b0003, DO005 and DOOQ6 (Figure 7-21), would yield
three time pointé) one of which wouid aiways‘correspdnd to very near maxi-
mum values of local pressure, and/or shear and bending‘moment. ‘Structural’
analysis at these three times (fl, t2, t3, corfespohdipg to maximum press-
ure times measured by D0006, DOOOS5, DO0O3 respeétively) should therefore

give near maXimum stresses for any given impact condition.

The slapdowﬁ phasé is illustrated by the typical model test data and cor-
responding full scale trajectory shown in Figures 7-21 and 7-22. Initial
full écale imbact conditions for_this Tun are: VV ; 84 fps, W = 34 fps,
6 = -8.9 deg. The pitch angulgr velocity increases rapidly to about 19

deg/sec during the initial impact phase and then gradually increases to
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- about 45 deg/sec until cavity collapse occurs at t = 1.0 sec. Prior to
cavity collapse the keel side of tﬁe vehicle bepea;h theAwate; surfaée

is exposed to hydrodynamic pressures while the leeiside ié in a ca#ity

at near ambient pressure,_causing significant tip over moments. After
cavity collapse, both kegl and lee sides experience nearly the.éame ?ress-
ure and the pitch angular velecity fémains constant tili about t = 1.2 sec.
The veﬁicle C.G. penetrates the free‘wate; surface at,t = 1.3 sec at a pitch
anglebof -50 degrees, and slapdown pressures on the keel side anQe the
C.G. have already sta:ted to reduée the pitch angular velocity. t}, t2
and t3 are 1.4, 1.58 and_1;78 seconds, respectively fo? this run as indi-
cated on the trajectory. Aﬁ t3, the pitch(aﬁgular velocity i# down to

28 deg/sec, and islmonotonically decreasing.

The tétal vehicle forces and acceleratioﬁs during slapdown are generally
of low frequency (pn the order of 1 cps) and low-#mpli;gde (less than

4 g's at vehicle nose) when compafed to initial'impgct while the local
peak pressures on the vehicle keel are high fréquency and high ampiitude
(see pressures D0003, DO0OG5, DO006, Figure‘7-21).‘.The slapdown pressure
time history for a giQen keel pressure transducer #ctually appears as a
suddenly applied pressure with'an exponential decay'toiapproximately local
hydrostatic. Although the local peak pressures near the keel penetration
location appear as a high frequency ptessure pulse, the overall keel press-
ure load induces loﬁ frequency vehicle loads, on the order of 1 Hz. The
vehicle position for the above three slapdown times afe illustrated

in Figure 7-23.

7-12



. 171" ) 171
e - M¥mx ¥.teh Asceleration 1

e A e
Pitch Accelemion 'o7171" -3 l'I_‘—.Tr _/3 F : T ! \,[,

(EPOOT) Y 0 T Y N : “,_ TELTT - 114
l'_‘L.TI'Z'_L"”"“" “';.:rt"' u 0 0 (R O o L1l
I JRUE S N . -l DN A O D D T S O 53 . : .

RN Iy

E

111t

b It Mux. Ax'al Ancelerstlon ot I -4 g -
B e 4 o e o B v e e B
Axial Acceleraticn 4~ 'r:“:i—»%- -r jl - o o i O T Tl O O R - -
{EADD9) O 0 O T O O ar N 0 6 0 B U (O 0 O O
' 34700 jh t _-{ T I N g S 0 G 0 O IO T
o] - ! ot 1
N R KMSENNEREENERs<ENEREERSEEEES T ==

Nozzle Exilerral
Pressiye J
(pooas) °

T T

L %hozzle Toe-In 1L

Tl

RN
l
1
b
i
T
i
1’
i

ET
‘-.
}

1

i i
's'w‘

TP TR

_ ‘df""""." 1 o T O O P R O 0 o B O A { .
Noz;le Interngl Y TRC I I N 7 O ,-|__ - O O _.,_T__ T4 1. * N
Tessure - A-t—1--F-1 =] -Ft=1-- . - " - [ [ iy -
{0021 ) 3 ot 1 O o . A I
. PPN PR P A R L
N S Tt A A A O L B O I 1 A I QR O Y Y T

(L,J ) L] ! e

T T T

EREERRNERE ’ Il
i ; 49‘.,__.!.‘.7..; e-w 1irt |
A4 i

. [N E RN R R RN R AN

: T T T ICEI N I T T L }.‘.-...A...J_-_"_. SENNENE H ‘
Erirt Internal -: ': -r»_'f-: : - o 'f us Hleenation - : T -: - —:- ‘ = ’ ‘ - ) - . - I
ne.uuze ““"""""""/)\IJ "I"‘ IIJ_} TR ERENEREL l

15 70 Lt B 3o pud e o R b Bt nt B et T it
Maxinuwn Penetration I

TR |
VTR P TR L -{
:‘.;\:\.1\:.1{.”]. - ’:ii‘ T I 1

Charlter Pressire T
o) 1+

i - J R DU DO T O A i

da R ‘
0 6 P

T

. } N X
- j‘f"“ et
}

Pressere | T MEERANE ‘
— - B o B SRS o B B8 - "'t -t i

PERNNESEERRN RSN TP R 52 cinpiovn te -} 444 - f
Cylinder Dody o o A o A T O O T O o I o O
S ) !
{

bl b 0L ) L __._...,,_'_
;

BTN O U O O A N [ O g7| Slapdown 47 ~{-f -t

Cyiindex' “0‘1;" ‘:jld»- - t ENEENREENEE RN RN - "[“" 411 : —l'-
Press.re i A b . N T N N OO U O O O Y S O W O -
(000 AR Ao Sl it

P TP T P S I T T T

°
T11 b el S i At R R ot o Bt | -1~

< Y OF THE | * BE ; ~% Slapdown to
REPRODUCIBILIT HA - = T
CRIGINAL PAGE IS POOR  H R T R

Cyltnder loiy 4+ B o I S e B A B O o S S B R e P o I I e e e A e A
Pressure v Y e N T

(2233 e 0 R Dl B WY e L e i

L

>

2

Wite: Trewsure in pus'fr,
alceleraticn in g's.

PN N R S O O I S P
IR PO Y WY T W O WOV N S O Y IO O Y
o8 1.8 r.0 2.1 i, .3 2.4 . RS 2.8 g.r

[ R T T

-
~
w[

FIGURE 7-1 TYPICAL MODEL TEST DATA (TEST PO15-70)

"

7-13 : e



NOAALE PRESGSURE

O EXTERNAL
P = P; * cos ¢ -

The wetted surface is defined to be that portion of the nozzle
extension below the undisturbed liquid free surface at the
moment the skirt makes initial contact. The limits on ¢ for

a given value of X are then defined by the waterline, but are
not to exceed +90°.

NOTE: All surfaces for which pressure is not specifled are
subject to ambient pressure.

FIGURE 7-2, PRESSURE DISTRIBUTION AT NOZZLE TOE -IN
(WITH NOZZLE EXTENSION)
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BULKHEAD

FIGURE 7-4 - DESCRIPTION OF VEHICLE AFT END GEOMETRY
(WITH NOZZLE EXTENSION) '
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BULKHEAD PRESSURE

| @ INTERNAL
N | _ = Pambient = const. Iy < x<© )
\ P : ( -1800 < $ < +180°

@ EXTERNAL

'P‘: Pambient * 3 (Pl melent)(l C°S¢)

( Iy < %
-180° < ¢

IAIA

0
+1800)
SKTRT PRESSURE

® INTERNAL

P = Pambient * 2(P180 '_Pambient)(l-008¢)

o -_t_xi Ly )
( _<_¢_<_-4l{)

\ \A PlBO P + (PQ"PI)-X
|

wl e Ly
2V e ¢ EX’.[“ER[\IAL
=P3 . COS¢ 0 stLF )
| (-90° < bg+ %/
NOZZLE PRESSURE . ‘
Py, @ INTERNAL

P = Pampient * 5 (P180 - Pambient)(l-cosé) -

(° 0 L35 k)

| Ps - Py
P18 = Py + (.éfnﬂ__)-x
100 L T

® EXTERNAT

P = P6 . COB O |( 980

IA A

< In
¢ < +9o°)

(¥

P¢ - Pambient ) .

Py = Pambient *
Ly

NOTE: All surfaces for which pressure is not specifted are subject to
- ambient pressure.

LI

FIGURE 7-5 . - PRESSURE DISTRIBUTION AT MAXIMUM PITCH

ACCELERATION (WITHOUT NOZZLE EXTENSION)
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BULKHFAD PRESSURE

® INTERNAL

P = Panbient = const, (B <xsd
, - o C2 180 < ¢ < +1800)
@ EXTERNAL :
P = Pagbjent = const. (-LB: <x<0
’ -l800 <¢< +1800)
SKIRT PRESSURE -
@ INTERNAL
) i ] - P = Pa.mbien‘t = const. 0 < X< Ip )
‘ i (-1800 < $ < +180°
® EXTERNAL
P="P) *cosd Ir < x < Lp
| =900 < ¢ < +90°
NOZZLE PRESSURE
'@ INTERNAL | :
| o
| A g - P = Pambient * z (P180 - Pambient)*(l - cos¢ )
Ly f . : o r(LN+LE < X < Iy+Lp
P L3
ER (i vIg) \-180° < & < +180°,
\_,\" | . .
, | : P,_P. -
il o mgp-resd (3B (xe ﬁ)
@ EXTERNAL
P=Pl'CO_B¢» ‘ LFS}(SLN‘
g -%°s¢s+%0

NOTE: All surfaces for which pressure is not specified are subject to
ambient pressure. :

FIGURE 7-6 - PRESSURE DISTRIBUTION AT MAXIMUM PITCH
ACCELERATION (WITH NOZZLE EXTENSION)
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4/11 CONFIGURATION

| WITH NOZZLE EXTENSION _!..

|

Max. Pitcli Undefined

atVH:O, 9:0

NOTE:

NOTE ;

Max. Pitch Undet'ined

160

DISd - S ‘EEISSEEC TVIEEINI

TTZZON

Py

|
I
!
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FIGURE 7-9 VARTATTON OF NOZZ/LE INIUERNAL PRESSURE WITH IMPACT CONDITIONS

MAXIMUM PTTCH ACCELERAIION
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BUTHHEAD DPRESSURE

® INTERNAL

P = Papbient = const. < (‘.LB =LY
. ‘ N 1=180° T ¢ 41800)

il Py S
| ® EXTERNAL

P = Py = const. = - -(—LB < X .0 \
v _ “180¢ g T 3R )

SKIRT PRECSURE

» INTERNAT, , )
l ) » P = Pl:: const, . 9] < X o LF
(-1800 < ¢ < +180°/
i | .
P, P ® EXTERNAT,
i P= Pambient = const. ( 0 o < ¥g Ip \
—yp ' v ’ o -180 < Cb < '1-1800)
NOZ4LE PRESSURRE
Fo | Fa_ ® INTERNAT, o |

P3-P2 ‘
P:P'a*‘( )'X ( 0 e xg Iy
, -180° ¢ ¢ ¢ +180°)

® EXTERNAL |
P = Pambient = const. ( g . <X < Iy )
7 0" < ¢ < 1180°

P3 '

NOWE: ALl surfaces Lor which pressure is not specilied are subject to
amblent pressure. : ‘

FIGURE 7-10 PRIESSURE DISTRIBUTION AT MAXTMUM AXTAT
ACCELERATION (WITH NOZZLE EXTENSION)
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CAVITY COLLAPSE

SRM CASE AND SRB AFT SKIRT»PRESSURES

7T" T ij
,.,_} . R
Ly, K

x ]

— F
A PKEEL ,

‘ - -
INTERNAL PRESSURES

SRM CASE ' ' SRB AFT SKIRT

3
I

PULLAGEs UNIFORM P + %(1 - cos @) (Py - Py)

0 <Xs Lp, -180° < § < 180°

EXTERNAL PRESSURES

CIRCUMFERENTIAL DISTRIBUTION

. ]
Prepr, * Ko (PLgg - PgEep), 0=X Sly g, -180° = ¢ < 180

PKEEL, LW,LSX Sy gk, -fuws 0 <dy

' -112 - Lw
Ke, SEE FIGURE I11-2; @, = cos™’ (X - Lwn)
. . (Lw’K - LW,L)

LONGITUDINAL DISTRIBUTION

SEE FIGURES FOR Pgggp, & PLgg VS. STATION

FICURE  7-1¢ CAVITY COLLAPSE PRESSURE DISTRIBULLONS -
SRM CASE AND AFT SKIRT PRESSURES

7-29



oE-L

e S S S S (S R——
— o i L RS P IS : . R
- - 11/1/74 CONFIGURATION et e | e e e e

—_———t —— —-—ﬁ-i R B e Dt ] LR E EEE S —_— B el SR — }

- — i By W Mt N e S M :

; — o e - ;

- . B It b vty Sro e o ——
' by St St Mt SR B

—

E—

|
i

|
L
1
|

|
|
|

PRESSURE DISTRIBUTION FACTOR, X¢

ra N y ] A
R — "__] - : " L ""‘_" T T -
— e e /e
t ; . | Fa yd
I S i — - “l,,_*¥ f /"
H S e i yi
; | P RV i ! 7
62 : lé -
= i_/ /-
e = o
= ——f—— — - e s L e
— R SR JNEES N S ,i« . ; — : —_——
= __,J."p*_* S U { - DU N 2 R— :::::l.*::?o g st
T T T REELT = - MERIDIAN 'ANGLE, @, DEGREES i
[ o T, RJD/AN -""l PSRN I i - T;l,j_‘_ _1,;:_(:., :"'"_—_;msfemm,\r*'
—————— j o = I e I - T T 7, R T . S|
I Jom— S — ':__‘_:“.._t. "FIGURE 7-17 CAVITY COLLAPSE PRESSURE DISTRIBUTION FACTOR, Ka **—,_,:f"*—'"g e
s siuts iy ety g vt Wt puoms R sl et Sty S 1::_14_“ IO g =

= '““L



1€-L

WY S X35 TO THE CENTIMETER 46 1610

Y

= 18 X 24 Cv

MASE 4N U 5.4,

KEUFFEL & ESSER CO.

I “f'fflff_ff:f'i ol ’L N

11/1/74 CONFIGURATION

- :___;;.__3,*_;

_M-HJ____._,L__,,

.. FIGURE

e v amad ot ———

_::;ﬁ‘ L *_',:} . _' , 7 i_J’

PRESSURE DISTRIBUTION FUNCTION PARAMETER N

[N ,__“_ﬁ,AA,,__ e —

1

SRRSO PN

e

t

7-18 - CAVI’I'Y COLLAPSE PRESSURE DISTRIBUTION FUNCTION PARAHETER e




20"

e=

:
g
|

1
|
|
|
|

FIGURE 7-19

IMPACT CONDITIONS
7-32

VARTATION OF PENETRATION DEPTH WITH

4/11 CONFIGURATION
WITH NOZZLE JEXTENSION
g = 10°

40

Lo _ 9
3 R &

T , "L ‘HIJEQ NOTIVYISNID WAWIXVH




v
'
i
H
v
1

] Z
w ...... .. O
: ! —
AR : ._ o
| ; | o 2
B - . i (o] .
R : 1 Qo
B . . ™~ o S
| - b e |
: -- ! 2
i e B B i
' - R A =
! AT Mo
; = |
. =
o
= |

VARTATION OF ANGLE AT MAX PENETRATION

L/11 CONFIGURATION

| | “
i P ” w
Aﬂ I m
- . 1 N H :
* I e 1 N
. e i ”
t i .
: | : ;
1 I | M
i 1 i
! 4 : - .
! 28 : _
i 1 :
_ . t 1 i
w, H
. : /.
f . _
(o3 (@] (@] !
” ] L ¥ 3 3 .
e - — e e e T e A i TTm + s e ke e T r— — [ - — e —————— e ——

CETEIAG “NOTIVEIANGd WHIYVH IV ZTONV

7-33



vE-L

PRESSURE

0 0. N
| S
Zy z | =
=t S 8
i 1 ]
8 2 3 .
- jl SI NOTE: TRANSDUCER PRESSURE TTME
gl 2| S HISTORIES ARE SHOWN SHIFTED
| i TO THEIR RESPECTIVE MODEL BODY .
2 & EJI LOCATIONS o
| ]
1 o
I' ] -———»— T = 0.1 SECONDS
A TYP. ALL TRANSDUCERS
L .

FIGURE 7-21. TYPICAL TIME HISTORIES OF SLAPDOWN PRESSURES



30

“Vertical
fFosition @

(£t.)

- 30

Horlzontal
Poslitlon
(L.t-) -~ 40

100

Vertical

Voioeity
(Ui/see)

Hovizontal
Velooity
{(rt/sec)

50
Piteto Angle
(deg)

40

20

Piteh Angular
Veloeity
(deg/sec)

e I S ol Bt B et o o —— JU .
SO (RO P "“." JR. R— J— —— o1 - p
f S - — P IO SV S
|- 5 O 0 o o == g
._J“ N N YOS § - _. _,__...;-7_"'::,,_.. — ] .
8 gl N .
. Bl L ol I J I T — TN S (U VI (PUR QHNY BN Jp [, O
. S S W - o i — N S — _ -
/_‘_’ : il F=1—t— - - —1- -
N
Fon i S S JE VG SO UG SN Gl M S S -
— ; =
— "\':;-ﬁ R et - =1 _.__l RS QU S
A
] . . - e B »
""-:-____‘
- e S Y ; —_— 0% SV U I NV S
— ] g Ny S -
— SO U DU SNV Matwwy semnt S LU P R I VI
. e e = 8 e
b N S P - : LT
- ) PERNE S - PN NPT, TR — o — f ——— ——F - ——— Y S -
—
‘ - J— —_ —-
\_‘k_‘
—"""“.h.,. s o B N R —
R D J— _ T b S
] Ry et MY
JUURTY U SR UGN QRN SRR W S — o e -— . . .
— - —1 - ;_‘_____ R
o e i i DS
—
/ . — B
_ [, _ __{ _ .
- /.r_’f N S U DR It
. [P Sl 1 odeef
yimye =7
/
- — —— o Al —
i e 1 P S N
- PR WSO SR Sy SRS S
F
’6“
- S N _ _
T . . A
e "] i S SR PRUR RPN RV
—F--“
o e
P SN R S :_‘ [
|t
. — Y SRR SR P
e v “ . ] S R T B
[ B Y I
1.4 1.

0.6 6.0 1.0 1.2

Time frow Initial Contact (sec)

FIGURE 7-22. TYPICAL FULL SCALE TRAJECTORY FOR VEHICLE C.G., TEST P015-70

7-35



1kO

120

100

8o

_h0o



SECTION 8.0

FULL SCALE LOADS

Full scale water impact loads were calculated for SRB configuratioﬁs:as
they evolved from the initial 156 inch diameter SRB to the c:ntent.5/1/75
baseline configuration. These loads cover signifiéant loading events
from initial water contact thrqugh‘fiﬁai settling in the water. A data
base‘compiled from scale.model tests and,Froude scaling‘techniques ﬁere
uséd to generate SRB loads as:a.funcfion‘pf water entry condition. This.
section presents the procedufes‘uséd to calculate‘SRB ioads in.order cf
their occurrence from initial impact through cavitf collapse, maximum

penetration, and slapdown..

8.1 Initial Impact

Vehicle loads at initial impact wére determined at three events, maximum
vehiéle pitch acceleration, maximum vehicle axial acceleration, and maxi-
mumvnegative axial load ph the nozzle. Maximum pitch acceleration ﬁas
detected by all three pitéh accelerometers. By definition, the time for
this event is taken to be the time at WhiCh the pitch aéceleration reaches
a maximum. Due to the elasticity of the model‘étructure, the time indi-
cated‘for tﬁe-event by thé three.accelerémeters wéé nét always precisely
the same; under certain impact conditions, the indicéted time variéd By
"2 to 4 milliseconds. Therefore, the output of the accelerometer located
farthest aft, and therefore closest to that portion of the vehicle over
X which the impact loads were applied, was selected as the reference for

determining the time of maximum pitch acceleration,



The time for thg maximum axial acceleration event is defihed as the time
at which the'aﬁial acceleration reaches:almaximQﬁ. 'ihisreveﬁt was détec~-
ted byithe axjal accelerometers. _Génerally,-thgre w§s{veryslitt}e Hiffer-
ence.in the time indicated by all acdélefometers. However,'in‘£ﬁose cases
where there was séme appreciable difference, tﬁe accelerométer 16cated.

farthest aft was used as the reference.

At the maximuﬁ axial acceleration event the maximum poéifive axial and
lateral loads on the nozzle also occur. As the annulus between-the nozzle
and skirt fills and the water head impacts tﬁelbulkhgad, thé forces 69
the.nozzle reverse direction and the nozzle is pglled away'from the bulk=-
head. This is the nozzle.maximﬁm negafive axialvloéd event and the time
of this event was defined by peak negative axial load méaSured dn the

nozzle strain gage balance.

Pressures on the nozzle, skirt and bulkhead were read at the time of
these three events for all pressure scaled tests.. Using the actual impact
conditions (Vy, Vg, §) for each test, the resultant vehicle velocity, U,

and effective impact angle (a-e) were calculated by:

U o= Vw? + vl

For maximum pitch and maximum axial acceleration events the measuréd-presé-
ures were nondimensionalized by the resultant dynamic pressure, ¢ = %l’Uz,
and plotted as a function of (&=~ #). This resulted in a family of curves

for each locally measured pressure with Vy, V4, or @ as parameters. For
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the event of maximum negative no;zle load which 6écurs iééest in tﬁne;
Ithe effect of é! was small and the nondiménsional pfeSSures correlatéd.
primarily with 6 . By cross-plottiﬁg the nondimensionallcurves for the
pressures at fhe transducer locations,_gxtrapdlating,fand replotting,
curves were coﬁstructed for axial locations coinciaenf withknozzle throat
and ﬁozzle_and!Skirt exit planesf Figures 8-1 thru 8-4 iilﬁstrate‘cdrfe-
lations of data at the three events. For any given set of full scale
impact conditions the pertihent‘full scaie nozzlé, skirt, ;hd bulkhead

pressures were then obtained directly from the normalized curves.

The axial and pitch accelerometers were read at the three events and used
to calculafe axial, lateral, and angular accelerations at the,dry-vehiéie
C.G. accelerations were then divided by ‘q‘and plotted VS (ot~ @)- The
correlated curves were used to define C.G. accelerations.\ The two aft
model accelerometers, located at full scale station 1826, were correlated

in the same manner and used to define nozzle inertial loads.

Data frpm the nozzle‘force balancg was first corrected forvbalanée inter-
actions and nozzle inertial loads then'forées aﬁd moments were‘fransferred
to the nozzle throat. These data were further adjusted to acéount for the
compliance ring and a one foot nozzle extension resuiting from redefinition
of the nozzle extension sepafation plane. As test data ﬁas not available
this adjustment was made analytically using the foliﬁwing equations for

positive axial forces:

_ AT
Axial Force = 2 *P- V,% [Ro/T] % sIN@- T 'cos36iff(%)d¢
_ -

| ‘ n
Lateral Force = 2 *+ P+ V02 [Ro/?]6 cos O '_H'cosBGi ff(6¢)c05¢d¢
5 .



£(8p) = 3o % 2 20) i
_ p | sin 6¢[r(1 6¢/H)F(L+6¢/n)]2

Where: [ - Gamma Function (See Figure 8-32)

P - Watervdénsity

Vo - Impéct vélocity

‘RO - Nozéle exit radius

T - Nozzle mid point radius

H - External free 5urféce‘pehetration

6; - TImpact angle |

'8 - Flow directiomal angle

¢

Negative axial force was calculated by:

Radial angle

Fxnet = ‘)‘_Vo [ Apext + 1/2 * Cpyed (Ro/T)é * Apint ]

Where:
Apext = Axial projectionof exposed external nozzle Surfaéé area
Cpwed = Pressure coefficient on equivalent wedge'éurface‘r
Apint = Axial ﬁrojection of nozzlg internal,gurface area

The above equations‘using dimensions for the tested 11/1/74 and 5/1/75
baseline configurations indicate a 397 increase in noéZle loads duriﬁg
the positive axial force loading and a 297 increase for the negative
axial nozzlelload event. ALl applied‘nozzle forces and moments were

then increased by these percentages.

The correlated model pressure, force, and acceleration data was then

Froude scaled to full scale SRB values and used as inputs to the initial

impact pressure integration program. The program simulates the ‘SRB
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‘skirt/nozzle area gedmetry ‘as a éeries of conical frustums and rings.
The skirt is modeled as two frustums and three rings, the aft cloéhre is
modeledlas one frustum and one ring, the[intefnal‘noz21e is modeled és
two frustums, and the external ﬁozzlé is modeled aé one.conic_al frustum.
Four pressures act on each ‘frustum land ring assuming a cos¢ distribu-
tion circumferentially and a linear dis‘tribution axially. A typical

frustum segment is shown below.

——RL-*1 .

P3 B P4

[l 3

Pl | P2
]

The pressure distribution is defined by:

P = Py + (Py-P}) _(1_‘.50_521 +‘% [ Py+(B,-P3) (1-‘523 m]_
[ P)+(Py-P)) Ll:E%Ejél_] %

This equation defines a (l-cos@) distribution for 0 < ¢ < 180° and a
linear distribution for 0 £ X < L.  Integrating the prQSSufes over the

frustum surface results in loads defined by:
rx = (D" Z R -R) [3 (R, 4R,) P; + (R +2 R )(Py = P3)
3~ Ro Ry otR) P+ R, R, ) (B3 = Py)]

+ (=DP g'(Ro-RL) [ 3(Ry*R ) (P2-P1) + (Rg+2R,) (B4-P3-Po+P1) ]



Fp = (—l)n.% L fB(ROmL) (Pz-§1)+§RO+2RL) '(P4-.P3-1;2+P1>]
M, = (-7 ﬁ (Ro-Rp) [ 4Ry + RoRy, + RP) (P - P1)
+ (RoZ + 2 Roly, + 3 RLZ)(% - by - P.z +Pp) ]
M, =F, xcé + (- I 2 [‘2(1;o + 2Ry, )'(Pz =P
+ (Rg + 3 Rr) (P4 - P3 - Pz + P1)] |
Meg = My + M,

For external surfaces n is an odd integer and for internal surfaces n is

an even integer.

The ring segments shown below assume a (1 - cosu¢)’distribution over the

upper and lower surfaces.

Ry

P3 | ' P4

[{l l*]
Plf }PZ

Integrating the pressures over the ring surface results in:

Fy = 25- ®2 &2 ) [(By - Py + By - B,) ]

3
(R

o
@

“R2) [Py - By) + (Py - B)) ]

"
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The program calculates applied nozzle loads and total-vehiélé'axial and
normal forces and the pitching moment about the C.G.  The SRB'mass‘and
pitch moment of inertia are used to calculate total‘vehicle-axial, lateral
and angular accelerations. The calculated accelefafions and nozzle applied
loads from pressure integrations were compared.to the correlated abcelero-
meter readings and nozzle strain gage loads. The pressures were then
tempered within an allowable range of flO% unEil_the integrated loéds
agreéd with measured forces and accelerations. The pressureé; vehicle
accelerations, and nozzle 1oads_were then carpet plotted as functions of

impact conditions.

The initial loads documentation presented data for vV, = 80, 100, and 120
FPS. Tor each vertical velocity data was presentéd'for Vg = 0, 15, 30{.
45, and 60_FPS and 8; = -10, -5, 0, 5, and 10°. ‘Finalization of the

SRB parachute design resulted in a nominal vertical impact velocity of

85 FPS with a maximum expected deviation of 5 FPS, and a new set of
water impact loads was prepared presenting'data for V, = 80, 85, and 90
FPS. These data were derived from axdirect q interpolation of the V, = 80
and 100 FPS. The data presentation consisted of vehicle C.G. acceléra—
tions, 15 pressures in the nozzlé/skirt annulus, appliéd nozzle loads,

and inertial nozzle loads.

The previously described loads were derived from test data utilizing a
model with a rigid concentric nozzle. However, the full scale nozzle is

not rigid and will deflect up to T5° as a function of the dynamic respounsc

8-7



characteristics ofthe gimbal system and the applied load‘transieht during

impact. Therefore, nozzle loads incorporating the effect of nozzle motion

were defined on the basis that:

1.

Overall vehicle dynamics are not significantly influenced by

nozzle deflections of less than 5° in either plane.

Nozzle applied axial load is primarily a- function of total
vehicle impact velocity vector and nozzle pitch plane attitude.
Nozzle deflections in the yaw plane of less than 5° are.insig-

nificant to the magnitude of this force.

Only the initial phase of‘the nozzle appliéd locad pulse,
during‘nozzle filling, is significantly affeqtéd by nozzle
vectoring. That portion of the nozzle 165& transient due to
stagnation of the nozzle/skirt annulus flow is not affected by

deflections of the nozzle less than 5° in either plane.

The component of nozzle lateral force in the yaw plane due
to véctoring out of the pitch plane is dependent only on vehicle

vertical impact velocity and not significantly affected by the

horizontal drift velocity component or initial impact pitch

plane attitude.

Within these assumptions, nozzle total applied load. at ‘any time (t), can

be defined as the sum of the axial force component (not significantly af-.

fected by nozzle vectoring); the lateral force component in the vehicle

pitch plane (defined by the total velocity vector and nozzle pitch plane

attitude) and the lateral force component in the yaw plane (determined only

8-8



by yaw plane deflection angle and vertical velocity component). The total

 force vector can then be wrﬂtten as,

F=A; (Vg Vs 95, 00) + Ny (Vv’ Vi 91’ »An) '*.'Ya.(vv"ﬁn)

where Otn and Bn are the respective angular deflect:.ons in each plane

at any given time, t; and Vy, Vg, and 91 are 1n1t1a1 vehlcle water impact

conditions.

The applied load moment about the nozzle throat centerline reference

point may also be expressed as,

M= iy (Vv: VH: gi’ an) + ﬁa (v\h Bn)

Although nozzle loads vary with impact conditioné, the load time history
“for each component can be represented by one of -two ‘charaéteri_sti‘t‘: shapes.
One curve for impact conditions when Vi = 0 or 84 is less than or equal

to zero and one curve for impact‘condifions with positive values of Vg

and 8j. Applied load time histories were normalized fo the peak positive
and negative magnitudes of the pulse, épd the traces were shifteé slightly
to make the peaks of the axial and laterallforces time-consistént for each
case. The inertial time histories were norﬁalizéd to the magnitude of the

 peak negative load.

Plots of the magnitude of the first and second appliéd load peaks. were
"ﬁrepared for axial force and lateral force énd moment in the pitch plane.
These data which were presented for an impact angle range of f15° were
derived from extrapolation of *10° data. Lateral fﬁrpes and moments in
the yaw plane were taken from the slope of applied normal force and pitch-
ing moment data for VW = O FPS. The slope of this data is linear over

the range of $10° and yvaw plane forces were expressed as:
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2 ,
lYaw force = 8.4 Vv Bn

Yawihg Moment = 368 sztin

where:

il

Vy

B

Vertical velocity in ft/sec

Nozzle deflection angle in degrees

Nozzle response loads were calculated using a'dynamic computer model of
the SRB. This math model simulated.the geometry, mass, and stiffness of
the SRB aft closure, skirt, heat shield, nozzle, nozzle actuators, flex
bearing, gimbal stops and the snubber. The elasticity of thé‘model com-
ponents was assumed to be linear regardless of the load range. The nor-
malized time ﬁi;torigs of applied and inértial nozzle loads élong with
peak value force and moment data as a function of impact condition Qere
used to calculate the time variant nozzle loads. lThis was an iterative
procedure beginning at T = 0 caléulatiné the nozzle loads and applying .
them to the nozzle until time’Ti whgn the nozzle deflects to &3, Bi.
The new values of 6; + O and lgi were used to reenter tﬁe peék load
data arrays and determine updated peak nozzle loadé. These were multiplied
times normalized nozzle loads at time Ti+j and new nozzle deflectioﬁ

angles (a]-_.,.j,ﬁi_,_j ) were célculated,

The loads wefe‘updatgd until the nozzle axial load reversed. At this time
stagnation is occurring in the nozzle skirt énnulué ahd‘nozzle loads are
dependent only upon initial impact conditions. ‘The peak'nozzle loads at
maximum negative nozzle axial force were multiplied times the normalized

time histories for the remainder of the impact.

Nozzle responée loads were calculated for Vy= 85 FPS, Vq = 5, 20 and 45
FPS, @; = -5°, 0°, and +5°, and a vehicle flight path angles relative to

the nozzle E actuator of 45°, 90°, 135°, 180°, and 225°. Forces and



. moments along the X ¥ and z axes were calculated for the flex be#ring,
aft closure, flex beériﬁg aft end ring, and nozzle saubber ring. Contact
forces were calculéted_for the snubber along with”axiél forces for.the
nozzlé‘actuators; Peak values of the forces and moments'weré‘smoothed

and carpet plotted as functions of entry condition and flight path angle.

8.2 Cavity Collapse

As d'e"scru';bed in Section 5, the cavity collapse load event is a result of
a high speed eﬁtry into tﬁe ﬁater by the. SRB which generates a large open
(ventilated) cavity during the entry phasg.. Fof a pure vertical_entry
(Vg = 0, 63 =0) the cavity development and collapseiis éxisymmetric with
thélcavity wall collapsing on approximately the aft.Z diaﬁeters of the

vehicle.

For moderately non—verticél entries (a-O = 10°)‘tﬁe-cavity collapses on
itself along a line alightly inclined to the vehicle surface and emanating
from the lée side of the vehicle base. The pressureé éséociated with these
conditions are much higher than for a pure vertical eutfy but are localizgd
near the leeward meridian and about one vehicle diaméter forward of thg
base. TFor large effective entry‘angles (a-9>>10°); the cavity collapses
along a line inclined at a large angle torfhe vehicle and significant press-

ures are experienced only on the lee side near the base of the vehicle.

Cavity collapse does not occur simulfaneously along thé vehicle for any

of the entry conditions but generally occurs within about a 10 msec. (model
scale) time span. Circumferential pressures do peak simultaneously, how-
ever, and since the critical loading is expected to be in the circumferen-
tial direction (i.e. a ring load), the peak cavity collapse pressures over

the 10 msec. time span were combined and considered a distinct event.
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The pressure pulse associated with cavity collapse is approximately trian-
gular with about a 15 to 20 msec. (model scale)_pulse duration. A simple

one dimensional analysis of the response of the full scale vehicle first

ring mode to this loadinglindicétes that the equivaleht'static loading
corresponding to the dynamic load.is very nearly equal to the peak load
and peak pfessures were therefore taken tovbe répréSeﬁta;ive of'eﬁuivalént
static pressures; A mofe rigoroué‘structural‘dynamiq>§ﬁa1ysis to cavity
éollapse loading is of course recommended to.establiéh tﬁé validity of

this simplified approach.

Analysis of the preséure,data coqsisted of plotting longitudinal and cif?
cumfereﬁfial distributions of peak pressures at tﬁe ﬁe#surement stations
oni the model. At each station there were three transducers  located at

the 0°, 180° and 210° meridian locations. In'addition, many of the drop
conditions were repeated with the aft model seétioﬁ rofated 120°, Com-
bination of the data for thes¢ two drops would, with the assumption of
planar symmetry, theoretiéally yield data at 30° meridionél increments.

It was found, howeﬁef, that lack.of repéatability.of d?op.coﬁditions;for
the 120° rolled cases and éfeep_pressure gradients neaf the collapse meri-
dian combined with off nominal roll and yaw angles precluded a direct mea-
surement of maximum lee side pressure and distributions for each drop
condition. The approach used therefore was to sé1ect those drdp condi~
tions where near nominal (zero) roll and yaw eonditions were attained to
define peak pressures and distributioﬁs and then use correlations to define

other drop conditioms.

Significant features of these distributions are the very high pressure
gradients near the leeward meridian and the nearly constant levels on

the windward side. The rate of fall-off of lee side pressure was found
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to be proportional to the peak pressure and is attributed to the répid_
diffusion of enefgy with distance associated with cavity collapse lines

in close proximity to the SRB. .

The circumferential pressure distribution was math-modeled as being con-

stant on the keel side (-90° =¢ < 90°) and varying on the lee side as
P = Pg + (P - Pg) cos™ (180° - ¢ ), 90°< ¢ < -90°

The exponent, n, was obtained from correlations of the circumferential
- pressure distribution (as measured by the lee side preséure drop,

P(¢= 180°) - P( ¢ = 210°)) with the magnitude of the lee side pfessure.

- A correlation parameter, %g- Bgc, was found which correlated the effects
-of initial horizontal velocity and pitch angle on cavity collapse press-
ures and leads. The éignificance of this correlation parameter is that

it is an approximate meésure of thé angle between the cavity collapse

line ( % from thg vertical) and the vehicle centerline (8. from tﬁe ver-
‘tical), and thus is a measure of thg proximity of the cavity collapse

- 1ine to the vehicle.

Correlations of maximum lee side pressures with,% - Bcc are shown in fig-
ure 8-5. At low values of % -‘Bcc, the cavity collapses on the vehicle
axisymmetrically and maximum pressures are 9 and 11 psig for Vy = 80 and’

100 fps. At moderate g - f#.., On the order of 10 to 2D°, the cavify

cc
collapses on itself near the lee side and maximum pressures rise to 18 to

22 psig. The higher maximum pressures associated with these conditions

are attributed to the concentration of the collapse energy near the lee
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side. Most bf the data for % - f.. greater than 20° was only run at
ambient atmogpheric pressure and not at the pressure scaled ambient préss~
ure required for scaling the cavity collapse phenomena. 1In the absénce

of pressure scéléd data for these épnditions, the ambient étmospheric

runs were assumed to be representative-and the curves were faired into

this data.

The above correlation was used to de£ermine maximum lee side pressures
for all conditions. The measured 1¢e side p¥essureé were then propor-
tioned to match the correlated maximum valué‘and uéed ﬁith measured wind-
ward pressures to define the longitudinal distributions élong the Windward
and leeward meridians. Aft of the lee side wetted length, Ly,1» equation
P =Py + (P - Pg) cos" (180° - ¢ )

was used to define'the circumferential distribution. Forward of the lee
side wetted length, the pressure varied little with meridian angle and
was taken to be constant from the windward‘meridian to the wetted angle,
¢w= where

oo = cos”t [Z(X—LE ) :I

. (Ly,x-Lw,1) J
This definition of ¢ assumes that the Cavity wall interéects the vehicle
along a planar surface between the windward and leeward wetfed lengths,

Ly ,K and Ly, respectively.

Vehicle accelerations at cavity collapse were evaluated from the peak nor-
mal accelerations mea'sured by the two aft pitch accelerometers. These
readings were used to calculate angular and nomal accelerations at the

dry vehicle C.G. The C.G. accelerations were then plotted as a function
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«
of 7" Hcc and curves were faired through the data for vertical impact
velocities of 80 and 100 ft/sec. Data for Vy = 120 ft/sec was extrapola-

ted from the curves for Vy = 80 and 100 ft/sec.

The correlated pressure gnd acceleration.dataKWere then Froude scaled to
full scale values and ipput to a computer program for.calculation cf'caQity 
collapse loads. This program considers the SRB fo bé a rigid body with .
pressure and inertial forces concentrated at<di§crete ﬁoihts, iécated 20

inches on c¢enter. Only forces normal to vehicle center line are considered.

Inputs to the loads program are:

a.  SRB mass dissribution as a function of vehicle station,

b.  Onboard water as a function of vehicle statipn.

ﬁ. Lee and keel side wetted lengths.

d. Lee and keel side longitudinal pressure distributions.

e. Normal and angular accelerations at the vehicle C.G.

£. Pressure integration factors as a function of wetted lengths and
local lee 31de pressure.

The program calculates the vehiclé C.G. and pitch moment of inertia, and

the local pressure and inertial shear forces at each 20 inch body section.

The local shears are then integrated longitudinally to determine the net

lateral load and the centroid of'appiication for the pressure and iner-

tial loads. fThe net loads are then compared and all input pressures

are ratioed solthat’the net pressure load is equal te the net inertial

ioad, and the vehicle angular acceleration is adjusted so that the -centroids

of the two shear diagrams match. The adjusted pressure and inertial
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shears are then combined and total vehicle shear and bending moment dia-

grams are calculated.

If the pressure and inertial forces balanced within 3% the input data
was considered satisfactory. If the load balance was not satisfactory,
the input data was reviewed and individual pressures and/or accelerations

were adjusted, generally less than 10%, and a new set of vehicle loads

was calculated.

The output from_the cavity collapse loads program are presented as plots
of lee side pressure distribution, keel side pressure distribution, press-
ure shear diagram, inerfial shear diagram, total vehicle shear diagrém,
and total vehicle bending moment diagram. Figure 8-7-i11ustrates typical

results from the loads program. .

Initially cavity collapse loads were preba;ed‘for the impact condition
range of V, = 80, 100, and 120 FPS, Wy = 0, 15, 30, 45, and 60 FPS, and
e; = -10°, -5°; 0%, 5%, and 10°. After desiéh définiﬁion of the SRB
recovery system, the loads presentation was changed to vertical veloci-
ties of BO, 85, and 90 FPS. The 85 and 80 FPS data was derived through
q interpolations of the correlated 80 and 100 FPS data. The new data
presentation also incorporated additional horizontal velocities of 5
and 20 FPS. These were included as a result of a Monte Carlo statis-
tical analysis that indicated that the SRB had a 90% probability of
impacting the water with an impact angle hetween tge ahd a horizontal

velocity between 5 and 45 FPS with the mean value being 20 FPS.

The cavity collapse loads as prepared encompassed more than 100 impact

conditions. As it would be impractical to analyze this quantity of
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data from.a structufal design standpoint, i; was decided,to reduce

tﬁe cavity collapse loads to almpre'simplifiedldefinitién. ;Thig waé
based on the fact that the primary objeétive was to define g set §f
design capability loads with proﬁisioﬁs to identif& éttritibn;rates

due to pertubations of loads resulting ffom deﬁiétions-frém nominal
impact conditions. The:approach can then be té défine a set of nominal
loads with pertubation functions which allow'thelloadé to be applied

over the complete range of‘impact conditions.

The nominal loads were defined using data for v, = 85 FPS, Of:VH:S45 FPS,
and -5° =84 < +5°. Over this rénge of impact cénditions (exceﬁt for

¥ =0, 8 = 0°) the wetted 1engths and keel pressures are approximately
the same and the lee side pressure distributions have the same shape
with variations in magnitude. The nominal pressure distributions were
defined as the numerical average of all pressure data. The peak lee

side pressure was used with correlated data to define the impact para-

meter ©/2 - 8.. and this value defined GG acceleratioms.

The final data presentation consiéted of load plots for two datalcases,
Vy = 85 FPS, ¥y = 0, and 8; = 0, and Vy = 85 FPS nominal cavity collapse.
Also presented ﬁere carpet plots of.penetration depth and peak lee side
pressure along with_procedures‘for definingyoverall'vehicle pressure

and load distributions as a function of impact condition.

8.3 Maximum Penetfation

~ Maximum penetration is attained when the farthest aft point along the
vehicle centerline reaches its maximum depth. The event can be observed

clearly in the underwater photographic records. These records were used



to measure penetration depth, pitch angle and velocity at the time of
maximum penetration. Penetration depth and pitch angle were then plotted

as a function of impact conditions (Figs. 8«8 and 8-9).

The vertical velocity of the vehicle is zero at the time of maximum
penetratidn. There is somepitch rotation, but resultant velocities are
negligibly small, so dynamic pressures can be negiected. Theréfore,

pressures acting on the vehicle are essentially defined by local hydro-

static values alone; That is =~
P = pgh

where h ='dis;ance below the liquid free surface. With vehicle attitude
(pitch angle, ¢ ) and maximum pehetratioh depth known‘as a function of
impact conditions, definition of wvehicle geometry thén leads directly

to the calculation of depth and corresponding hydrostatic pressure for
all points on the vehicle. Cylinder body interhnal pressure was again
assumed constant, at the minimum value dictated by case tempeféture as

given in Fig. 8-10, and was regarded to be independent of impact condi-

tions.

8.4 Slapdown

Vehicle slapdown is defined as the phase of rapid angular rotation and
“lateral displacement from the near‘vertical to -the horizontal flotation
position. As this event occurs the forward po:tiog of the vehicle {s
subjected to large oﬁlique impact or slam pressures with the water press-
ure wave propagating radially arcund the cylindrical su:face‘and loggi-
tudinally forward along the keel meridian. Duriﬁg slapdown the vehicle
C.G. is at or approximately 1 diameter below the water surface and the
body rotation is about a point near the base. The local crossflow velé-

cities on the rear half of the vehicle are low and do not produce signi-
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ficant hydrodynamic pressures. On the forwafd‘porfion of ‘the vehicle,

. crossflow velocities‘increase and substantial préssures are encountered.

The peak pressure increases as the slapdown'progressés,'reachingvmaximum-
value when the pressure ﬁavé is approximately 2.diameters aft of the nose

and then decreases as the wave moves to the nose.

bue to the time variation of pressure and acceleration forces during slap-
doﬁn there is no obvious instant when the total thicle structural loads
are at a maximum. Therefore, in calculating slapdown loads, three or
more time points were used so that the maximum load condition would be
encompassed, These time points- corresponded to thé time of peak press- -

ure at selected keel pressure transducer locations. At the selected time

points model data was evaluated for use as inputs to the loads program.

During slapdown the vehicle is subjected to low freqﬁency pitch accelera-
tions as shown in figures 8-11 and ‘8-12. These were read from the three
model accelerometers at the times of interest, The readings were then
plotted and used to calculate the normal and angular accelerations at
the'dry vehicle C.G. These accelerations were ;hen carpet plotted as a
function of watef entry condition for each time péint. Smooth curvgsrwere
faired through any irregularities and the data was extrapolated to cover

impact conditions of interest where test data was not available.

.The £ ime history of slapdown pfeséure at a given body station appears as
suddenly applied pressure decaying slowly to local hydrostatic pressure.
As shown in Figure‘8-13, the peak pressutre is over a verylshort time dura-
tion which should contribute very little to the vehicle structural rés-
ponse other than some finite localized panel loads. The total vehicle

external pressure load distribution was therefore treated as being com-
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priéed of a low frequency base load (assumed to be static at any given
time slice) with the shorter pulse spray root pressure superimposed. on

top of it. The spray root pulse load was treated as-a localized single

degree of fregdom system and the equivalent static pressurelload for the
spray root pressure spike is approximatEIy 1/3 of the high frequéncy

pulse peak. It should be stated thét onlf the high freﬁuency pressure
spike, over and above the low frequency load pulse was actually reduced

to an equivalent static value. ‘All 6ther pressures weré read at a given
instant in time and assumed as static. For expedieﬁcy of hand reading
data plots, the ten'miilisecond averaging routine was utilized as the

best approximation of the equivalent maximum static values. More recently
a complete set of differential equations have been incorporated into the
data analysis system to define exactly the equivalént static reéponse of

a single degree of freedom system. These resulfs agree quite well with
ten millisecond average values, based upon the full scale vehicles fesponse

natural frequencies.

Keel pressure distributions for the forward po;tion of the body were

read from model test déta at the selected time‘pOints during slapdown.

These data were plotted as-a function of water entry condition for each
transducer location and time point. The data was then smoothed and extrapo~-
lated to cover éntry conditions whereltest data was not avéilable, On the
rear portion‘where pressﬁres are hydros;atic the values were calculated

for expediency rather than reading model data. These calgulations were
based on wetted length determined from transducer data, and the model

pitch angle read from photographic data.

Radial pressure distributions were developed from correlations of previous

model test data. These data were used to define radial distribution
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relationships as a function of longitudinal station normalized by keel
pressure. Definition of these distributions are presented in Figures 8-14

through 8-17.

There is a significant amount of internal water, on the order of‘100,000
pounds full séale,4in the vehicle during slapdown which effec:ively al-
tefs the SRB mass characteristics. The quantity and location of the water
could‘not be determined from available test dété 50 estimates were ﬁsed.
It was assumed‘that the nozz1e and skirt would be completely full and

that inside of the case the water wﬁuld be approximately ét‘the nozzle
throat with the surface parallel to the outside free water surface. Fig-
ure 8-18 shows the estimated injested water locations. In the loads pro-

gram this water is accounted for by adding it to the dry SRB mass distri-

bution.

The correlated pressure and aéceleration data were then Froude scaled tol
full scalé values and input to a computer program fof calculation of
slapdown loads. _This program considers the SRB to be a rigid body with’
pressure and inertial forces concentrated at discrete points located 20
inches on center. Orly forces normal to véhicle centerline are considered

in the loads program.

Inputs to the slapdown loads program are:

a. SRB mass distribution as a function of vehicle statiom.
b. Onboard water as a funcfion of vehicle station.

c. Lee and keel side wetted lengths.

d. Keel side longitudinal pressure distribution.
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e, Normal and angular accelerations at the vehicle C.G.
f. - Vehicle pitch angle.

g Pressure integration factors as a function of wetted length and
keel pressure.

The program calculates the vehicle C.é. and éitch:@oment of inertia, and
the local pressure and inertial shear forces at each 20'incﬁ bod& section.
The local shears are then integrated loqgitudinally'td_deﬁerminerthe net
lateral load and the centroid of applicatiﬁn forttﬁe pfeés@re and iner-
tial loads. The net loads are then compared and ail input pressures are
ratioed so that the net pressure load is equal to the net inertial load,
and the vehicle angﬁlar acceleration is adjusted so that the éentroids

of the two shear diagramsfmétch. The adjusted pressure aﬁd inertial
shears are then combined and total vehiclé shear‘énd bending moment dia-

grams are calculated.

If the pressure and inertial fbrces balanced within 3% the input data was
considered satisfactory. If the load.balance was not satisfactory, the
input &ata was reviewed and individual pressures and/or accelerations were
adjusted, generally less than 107, and a new set of vehicle loads Weré

calculated.

The output from the slapdown loads program are presented as plots of keel
pressure distribution, applied pressure load, applied inertial load, the
total vehicle shear diagram, and the total vehicle bending moment diagram.

Figures 8~-19 through 8-22 show typical results from the loads prdgram.

The initial slapdown ioads documentation was prepared for impact conditions
of Vy = 80, 100, and 120 FPS, Vg = 0, 15, 30, 45, and 60 FPS, and 8, = -10°,

-5, and 0°. Loads were presented at four time points during slapdown for
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each impaét ﬁondifionl These data were later interpolatgd to provide data
for vertical velocities of 85, and 90 FPS. As previously discussed in the
. Cavity Collapse section, it was nof pracfical tb.structur;lly analyze the
large quantity‘df slapdown déta and a set of noﬁinal'ioads was defined

for a vertical impact velocity ofv85 FPS. The pressure and acceleratioﬁs
used to calculate the nominal loads werélthe numeriéal average of data for

Vy = 85 FPS, V = 20 and 45 FPS, and 6; = 0° and -5°.

Loads were calcuiated at four time points which corresponded with the ini-
tial keel wetting at vehicle stations 1009, 769, 569, and 409. Four plots
are presented for each time péint, applied keel pressure, applied pressure
and inertial 10ads, vehicle shear and vehicle beﬁding moment . :Also preéentéd
are carpet plots of peak keel pressure as a function of impact condition.and'
procedures for defining pressure and 1oad_distributions for impact conditions

of interest,

8.5 Component Loads

In addition to overall SRB loads, component level acceleration ahd pressure
loads were developed for selected SRB structureé. The components considered
were:

1. Nose Cone frustum

2. Systems tunnel

3. E.T. Attach Ring

4. Aft separation motor

3. TVC package .

6. Nozzle actuator

7. Heat Shield/Aft End Ring

"8, SBRM Clevis Joint Pin Retainer Band
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" Component acceleration loads were derived from model accelerometer data.

These data were reviewed for peak axial ahd'pitch accelerations over the
comblete range of water impact conditions. The data was p;eéented as
peak axial and lateral acceleration for three vehiéle‘zones;_the fwd.
skirt, the SRM case,'andvthe aft skirt. Gomponent acceleration loads

are shown in Figure 8-23.

Due to time, model scale, and instrumentation limitations, it was not
feasible to simulate model hardware for direct measurement of component
pressure loads. Therefore, these loads were generated using empirical

metheds as discussed in the following paragraphs.

S 8.5.1 Nose Cone Frustum Loads

The SRB nose cone is to be recovered using the drogue chute of the main

SRB recovery system tc decelerate the nose frustum prior to water impact.
The nose cone is expected to impact the sea with Qertical velocities be-
tween 40 and 60 ft/sec, horizontal drift velocities from 0 to 45 ft/sec,

and pitch angles up to 20°.

Water impact loads on the SRB Nose Cone Frustum were generated using

empirically devrived water impact pressure coefficients and a two degree

of freedom trajectory program. The water impact pressure coefficients
were obtained from model test pressures for the SRB ﬁozzle and aft skirt,
nondiﬁensionalized by the dynamic pressure, and correlated with the

local angle of attack. Internal‘and external pressures were cbrreiated

independently and the results are shown in Figure 8-24.

The two degree of freedom trajectory program allowed the Nose Cone Frus-
tum to decelerate along its velocitywctor but was constrained from

rotating, i.e. its pitch attitude was fixed. Water impact pressures.
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were computed for the wetted portion of‘the vehicle from the above press--
ure coefficients and the pressures integrated to obtain ihe applied forces
and decelerations. The wetted portion of the vehicle was taken as that

portion of the wvehicle below the free water surface.

Cavitation 6ver external surfaces was acgounted fqr by applying zero press-
ure coefficients (pressure equals zero psig) when fhe keel meridian.anglé
of attack, Cyee]s Was negative. CaVifation on the external lee side, when
the kéel meridian is at a positive angle of attack, was accoﬁnted for-by
applying a pressure distribution such that the pressure ét and beybnd the
90° meridian was zero psig. Internal cavitation wﬁs accounted . for by us-
ing a pressure distribution such that the pressure on the internal keel
meridian waé zero (psigj when the keei meridian angle of attack was posi-
tive. Figure 8-25 illustrates the pressure distributions used in the analy-

sis,

The nose cone frustum trajectory was calculated for 0.2 sec by which time

all forces had reached maximum values and were decaying. The results

Table 8~1. ©Nomenclature for the listing is presented below:

NOSE CONE FRUSTUM TRAJECTORY NOMENCLATURE

AN Normal acceleration, g's
AX Axial acceleration, g's
B Penetration depth, in.

Lwl, LW2, LW3 Wetted lengths along longitudinal axis on keel, center-
line, and lee meridians, inches forward of Statiom 395.

P1 Pressure acting on external side of bottom ring, psig.

P2 Pressure acting on internal keel meridian of Nose Cone
Frustum, psig. ' '

P3 Pressure acting on external keel meridian of Nose Cone
Frustum, psig.
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P4 Pressure acting on internal lee meridian of Nose Cone

Frustum o
T Time from impact, seconds.
THDD Pitch angular acceleration, radian./sec2
THETA Pitch angle at impact, degrees
VH Horizonfal velocity at impact, fps
w Vertical velocity at impact,”fps
8§.5.2 - §ystem§ Tunnel Loads-

During water impact the systems tunnel, which runs the full length 6f the
SRM case, will be subject to the same loads as the case. The peak nommal
pressure load will occur during cavity collapse with the tunnel on the

lee side of the vehicle. The peak lateral load should occur during slap-

down with the tunnel near but not on the keel so that a ventilated cavity

is formed on one side of the tunnel with the other side subjected to keel
slapdown pressure. Figure 8-26 illustrates the systems tunnel pressure

distributions,

8.5.3 E. T. Attach Ring Loads

The E. T. attach riné, located at SRB Station 1511, will be subjected to
cavity collapse loads followed by hydrostatic pressures through maximum
penetratioh, rebound, and slapddwn. During cavif& collapse, the ring will
be first subjected to axial pressures as the cavity collapse wave proﬁagates
forward and tﬁen to radial pressures as the wave passes over the ring. The
axial pressures were driven from maximum valves read from lee and keel
pressure transducers located immediately aft of the E. T. ring during test
TMS-333, The lateral loads are assumed to be equal to cavity collapse
pressure distributions at Sta. 1511. Figure 8-27 illustrates the E. T. ring

pressure loads.
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8.5.4 Aft Separation Motor Loads

The SRB has four aft'separation motors mounted on the outside of the aft
skirt approximately at the midpoint‘of.the“skirt. Each motor is app;0xi~
mately -1 foot in diameter and three feet long. During initial impact, the
motors will be in the ventila;ed cavity created by the skirt and will not
be subjected to pressure loads until wall slap or the onset of cavity col-

lapse.

With the motors on the keel side, they will fifst be»subjected to either an
axial load for pure vertical entfy, or an axial and lateral 1oéd for a com-
bined horizontal and vertical velocity entry. These load conditions will be
followed by a stagnétion ;oading as the cavity colléﬁseé. .If the motors are

on the lee side of the vehicie they'on;y‘receive the stagnation load con-

dition.

In the absence of test daté, the initial axial and‘lateral pressures were
calculated using a flat plate pressure coefficient of 2.0 and the vehicle
velocity at cavity collapse. Correlatidns of photographic and accelerometer
trajectory data show‘that velocities at cavity collapse are approxiﬁately
60% of initial impact velocities. Thé pressures Py and Pz (Figure 8-28)
were calculated by: | |

Vcavity Collapse = (08) (Vigiiia1 Impact)

P = 2 pvi/2

Pressure Py considers only vertical velocity and Pressure Py considers vertical
and horizontal velocities, Pressure PS is the maximum skirt cavity collapse

pressure.

8.5.5 TVC Package Loads

Two TVC packages are located inside of the aft skirt. "They consist of a

number of cylindrical and spherical shapes attached to an open rectangular
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I-beam framework that is appfoximately 3 ft. x 4 ft. Due to the small scale
model SRB, it was not feasible to simulate this hardware in the test program.
Also, because of the complex geometry of these packages and their location

within the skirt, the flow is not amenable to rigorous analysis,

A simple analysis, however, was performed and the“reéulting estimates should
be adequate fér providing an overall design load, Préssure P1 was calcu-
lated as q and pressure P2 ﬁas calculated as 2 x q. The estimated pressure
distributions and magnitudes are given in Figure 8-29. The maximum axial
load is P; as is the maximum lateral load which can exist in any direction
normal to the SRB centerline. The stagnation loading condition is P9 applied

uniformly around the component.

The maximum TVC package TVC pagkage-axial load occurs at the same time as
the vehicle maximum positive axial acceleration event. The maximum iatefal
ioad can occur anytime from shortly éfter the vehicle maximum positive axial
acceleration event to just prior to the maximum nozzle negative axial load
event. For analysis purposes, asSumé that the TVC lateral load can occur

in combination with either of the aforementioned vehicle 1oadingvevents.

The maximum TVC stagnation load occurs at the same time as the maximum

nozzle negative axial load event.

8.5.6 Nozzle Actuator Loads

Each SRB has two actuators located within the aft skirt. The actuétor load-
ing is generated from two sources, the first being ﬁhe actuator axial load
transmitted between the nozzle and skirt. This load was presented with
initial impact data. The second source of load is céused by the water im-

pacting the actuator. The actuator was not simulated in the test program
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because of the restriétively small modei size. Therefore, a simple anély-

sis was performed, the results of which are given ih‘Figure 8-30. Thé lateral
pressure loading is‘Plbwhereas the axial is Py The”stagnation ioading con-
dition is P5 applied uniformly arouﬁd the actuator. Actuator impingement

pressures P; and Py were calculated from the following equation:.

P = Cpc q sing o
cosd = cos (84 + Tan~1 Vh/Vv) cos ( € "f.':ﬁ)
where: 7 |
Cpec = Cross Flow Drag Coefficient = 1.2 fof P1 and 1.5 for P>

Flow impingement angle = 36° for Py and 18° for P2

Skirt cone half angle = 18°

=™ ™ oo
I

Incidence angle of nozzle actuator = 18°

Dynamic pressure = % P y?

[fa)
]

Stagnation pressure P3 was calculated as 2 x q.

Actuator maximum axial, maximum lateral, and maximum stagnation pressure
leoads occur in the same time sequence as the corresponding TVC pressure

loads ‘defined above.

During the initial impact dynamic sequence, the SEM nozzle is exposed’to
large applied and inertial reaction loads. Resixltaﬁt nozzle motion within
snubber limits then produce large actuator response loads. Thése loads have
been analyzed for the specific impact conditions presented in Table 8-2 de-

fining three possible levels of damage to the actuator system.

The actuator fluid by-pass valve will open under an approximate 120 KIP load

allowing the actuator to respond with a constant load. This value was used
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as input to the nozzle system résponse analysis. Under some conditions: load
relief provided by the fluid by-pass wvalve is insufficient to keep up with
the applied load, resulting in an increase in the actuator response load

to values far exceeding the 120 KIP by-pass limit.

Tabie 8-2 presents peék actuator response loads for the various impact con-
ditions analyzed. The three values presgnted fo? each cbndiﬁion are maximum
values and correspond to the three dynamic loading eveﬁts of initial impact:
1) maximum nozzle posiﬁiﬁe applied load; 25 nozzle maximum negative applied
load; and, 3) nozzle inertial response after decay of the nozzle externagl

applied pressure load.

To define the total actuator load external applied pressure loads defined
above must be combined with the actuator response loads due to nozzle mo-
tion at the respective dynamic loading events, that is, use Py énd P, for
event (1), and P3 for events (2) and (3). Use 1inear'iﬁterpolation for

pressures at intermediate angles not analytically defined on Figure 8-30.

8.5.7 Heat Shield/Aft End Ring Loads

The heat shield'conceﬁt analyzed is shown in Figure 8-31. The heat shield
is relatively lightweight flexible gurtain type structure Which will fail
under the water impact loading environment, Before failing, however, the
heatshield will be loaded uﬁ to its capability»tapproximately 10 psig)
which, in turn, will load up the aft skirt end ring; ‘The ﬁaximum end ring
water impact preésure is an order of magnitude greater than the current
heat shield capability. Figure 8-31 illustrates the heat shield in the pre
water impact configuration. Upen water impact, the heat shield moves up to

the position shown by the dashed line as it is being loaded up. It takes
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approxima;ely 10 m sec for the heat shield'fo'reacﬁ thié state from its pre
impact configufationa Shortly thereaftér, the shield willlfail as thé load
increases to its maximum value. On the other hand, the aft skift end ring
pressure builds up to a peak pressure of 85 to 125 psig in approximately 3
to 5 m sec. Therefore, the aft end ring can be loaded up to its maximum
value before the heat shield will fail. Hence, for strength analysis pur-
poses, the capability of‘the heat shigld should be combined with the peak

water impact aft ring pressure.

8.5.8 ~ SRM Cievi;IJoint Pin Reﬁainer Band Loads

SRM clevis joint pin retainer band shear loads have been estimated and are
presented herein. The slapdown dynamic loading event, which occurs during
water entry, subjects the pin retainer band to the worst case of shear load-
ing. The shear loading is caused by skin friction drag. W;ter entry tra-
jectories obﬁained from model tests were combined with drag data to esti-
mate the shear loading. Using a conservative approéch, the maximum shear
logding is estimated to be 0.5 psig. The reentry aerodynamic shear loading

is an order of magnitude less.
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TABLE 8-1 NOSE CONE FRUSTUM TRAJECTORY LISTING

4., W oz a5.,
-

[
600
1.199
1,797
2.333
2.937

s

4,163
4,750
5.332
5.9190
$.434
7.955
T.621
A.11q
A, 743
9.7
9.%a7
19,392
10,933
11.47
12,902
12.530
13.053
13.57M
14 045
14.5%4
15.0%9
15.599
16.095
16.535%
17,972
17.5%a
1R.031
13.504
18,373
19.437
19,397
20,352
20,393
21.259
21,693
22,132
22.567
2=2.998
23,425
23.247
24.267
24.832
23.093
25.3501
25.903
26.305
26,702
27.996

AX
3,35
3.1
6,357
7.393
a.372
9.193
11,037
10,231
11,456
12.114
12.7a
i3.29
3.7
1a.27%
14,6832
15.11¢
15,445
15,309
16.765
16,361
16,551
16.723
16.912
17.032
17.157
17.269
17.295
17.353
17.337
17.345
17.2%%
17.244
17.157
17.983
16.961
16.815
16. 711
16,549
16.420
16,251
18.994
15.920
15.7235
15.563
15.368
15.187
14,990
14,70
14.603
14.398
14.205%
14.005
13.796
13,812

THETA = 20.,

AN THDD
17 33,653
.54 74,549
ar 96,939

1.362 111,298
1.999 13,987
2.413 142.476
3.139 160,334
3,663  175.47
4.3%% 185,755
4,993  201.7%¢
5,598 209 .923
6.277 223,125
6.318 230,124
7,530 242,905
7.996  247.3A5
8,647 257.%44
9.077 261,737
9.696 270,836

10,064 273,164

10.629 290,603

10,936 281,72

1.437  237.750

11.686 287,730

12.115 292,309

12,33 281.Ms

12.663 294,482

12,204 292,579

13.033 294,491

13.176 291,828

13,377 292.572

13.432 299,240

13,556 239 3§57

13.579 295,044

13.621 243,553

13,625 279,534

13,538 274,672

13.585 27R2.971

13,475 267.411

13.474 2635.072

13.362  259.53

13.236 258,122

13.196  250.615

13,014 244.739

12.955 241.241

12,732 235.43

12.671  231.433

12,597  2285.842

12,301 220.011

12,195 216.100

11.996 210,444

11.844 206237

11.663 200.438

11.44% 195,332

11,3095  181.260
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" 40,390
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38929
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28 .9%2
29,183
27.330
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TABLE 8-2 SRM NOZZLE ACTUATOR RESPONSE LOADS
IMPACT CONDITION ACTUATOR £ x 1073 LBS. ACTUATOR F x 1673 1BS.
NOZZLE AXIAL LOADING EVENT| NOZZLE ANIAL LOADING EVERT{™

w6 7_?__@ 15X, POSMAN. NEG.| REBOUND [MAX. POSJ{MAN. KEGJ REBOUND
5 -5 %5 | - 60 - 120 +120 - 120 +120 - 70
20 , - 120 +120 - 80 -120 -120 +120
45 { - 170 -120 +120 -210 -120 +120
5 0 + 40 - 120 +120 + 50 -120 +120
20 ' - 50 -120 +120 - 50 -120 +120
45 + -120 - 120 +120 -120 -120 +120
5 +5 + 60 -130 | +130 + 60 -120 +140
20 ’ + 40 +120 -120 - 90 +120 +120
45 + 1 -120 +120 -120 -120 +120 -120
0% -5 +90 + 80 -120 +120 - 60 -120 +140
5 | + 60 20 | +120 | -1z0 -120 | +140
20 -120 +120 -70 | -120 -120 +140
35 + 50 -130 +110 -195 ) +160 - 80

45 v - 90 -110 - 60 320 | -380 200
O 0 +100 -120 +120 +100 -120 +120
5 -120 | +120 -60 | -120 | +120 - 80
20 2120 | 4120 - 60 -120 -120 | +120
45 Y I 110 | +120 | -60 | -210 | -120 | +135
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TABLE 8-2

SRM NOZZLE ACTUATOR RESPONSE LOADS (Continued)

IMPACT CONTITION ACTUATOR E x 103 LBS. ACTUATOR F x 1073 LBS,
‘ NOZZLE AXTAL LOADING EVENT| NOZZLE AXIAL LOADING EVENT{™
Ve 03 ¢ POS.JMAX. NEG.| REBOUND |NAX. POSJMAX. NEG.] REBOUND
s +5 +90 - 45 120 +120 + 70 -120 | +120
20 l | T -60 -120- 40 -30 1120 | -120
45 $ v -70 | -120 | 4120 | -120 +160 -130
5 s | +135 | +120 | +120 | -120 - 80 T120 | +120
20 : ' +120 + 60 '-120 -120 -120 +120
45 + 1225 | +120 -120 | -225 s120 | +120
5 0 +110 120 | +120 +.20 | -120 | +120
20 l 1120 -120 | +120 - 80 2120 | +120
45 K 4150 | +120 | -120 | -150 | -120 | +120
5 +5 - 50 -120 | +120 +70 | -125 | +120
20 +60 | ~204 | +120 -20 | +120 -120
0 +20 | -270 | +120 - 90 | +110 -120
45 v Tr120 | -270 | +120 -120 | +120 -120
5 s 180 T 120 "-110 -120 180 | -120 | +120
20 +140 | -130 - 50 +60 | -120 | +120
25 +210 -120 - 60 + 60 2120 | +120
45 ' +370 | 4530 | -180 | -20 | +120 | -120
5 0 , +120 | -120 | +120 +80 -120 | +120




TABLE 8-2 = SRM NOZZLE ACTUATOR RESPONSE LOADS (Continued)

IMPACT CONDITION ACTUATOR E x 107? LBS. ACTUATOR ¥ x 1073 LBS.

: NOZZLE AXIAL LOADING EVENT|NOZZLE AXIAL LOADING EVENT|:

| 61 ®  IWAX. POS[MAX. NEG] REBOUND [MAX. POS JMAX. NEG.| REBOUND

20 0 +180 +120 ~100 -120 +70 -120 +120
45 ; +270 | +180 ~120 +30 <120 | +120
N 5 +5 ] -5 | -5 | 4120 0 | 120 +120
_ 20 | + 90 -225 | +120 +25 -120 | +120
40 ° | -30 | -285 | 420 | +30 | -120 | 4120
) 45 T 4 +120 |- -255 +120 | +20 =90 +110
- 5 -5 +225 +115 | -115 ~100 +120 °| -120 +115
o | 20 +120 | -120 | -70 | 4120 | -120 | -50
30 4120 | 120 | -s0 | 4120 | -120 | - 60
45 f | +225 | +120 -120 ) +230 ] +120 -120
_ 5 o | +110 -120 | +120 | +120 | -120 | +120
20 l +120 a0 | - 90 +120 ~120 -120
45 } +150 +120 | -120 +150 +120 | -120
5 5 |+ 2 -120 | +120 | -80 | -120 | +120
20 I - + 60 -160 +120 +60 | -140 +120
45 » # R +110 -160 +120 | +110 -160 +120

* VALUES FOR V;; = O MAY BE USED FOR ALL @b ANGLES.
NOTE: PLUS INDICATES ACTUATOR COMPRESSION
MINUS INDICATES ACTUATOR TENSION
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